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Foreword
It is now 120 years since the fi rst report on a lectin appeared and more than 60 years since the term 
“lectin” was coined. For a long time, attention was focused almost exclusively on plant lectins, 
and it was intensifi ed by the demonstration in the 1960s that these sugar-binding proteins are 
invaluable tools for the study of carbohydrates in solution and on cell surfaces. Broad interest in 
animal lectins began only two decades ago and is currently growing at an explosive rate, fueled 
by the realization that they act as cell recognition molecules, a feature originally demonstrated for 
bacterial surface lectins. A key reason for the accelerated progress in this fi eld is the application 
of recombinant DNA techniques, which have also permitted the construction of animals defi cient 
in particular lectins. Another factor is the vast improvement in the methods of structural analysis 
of the carbohydrates of glycoconjugates. Last but not least is the availability of glycoarrays with 
hundreds of different saccharides, which greatly facilitates the detection of lectins and identifi -
cation of lectin specifi city. By now, numerous animal lectins, classifi ed into nearly 20 families, 
have been isolated and characterized, and the functions of a number of these lectins have been 
clarifi ed. Among others, these lectins have been shown to control the biosynthesis of glycoproteins 
and their targeting to subcellular organelles, to participate in cell signaling, monitor the migration 
of leukocytes in blood vessels, serve as innate immunity agents against microbial pathogens, and 
contribute to tumor progression.

The National Institutes of Health recognized the importance of animal lectins and in 2001 
awarded a megagrant of $75 million for a 10-year period to the Consortium for Functional Glycom-
ics, the aim of which was to study the role of carbohydrate–lectin interactions at the cell surface and 
in cell–cell communication. At present, over 350 glycobiology research groups are affi liated to the 
consortium.

The knowledge accrued about animal lectins is certain to have a considerable impact on medical 
practice, by improving the pharmacokinetics of glycoprotein drugs and blocking the undesirable 
migration of leukocytes to sites of infl ammation, as well as for disease diagnosis, in the treatment of 
cancer, and in lectin replacement therapy. There is no doubt that in the future the list of animal lec-
tins will continue to grow and that novel functions and applications will be found for these fascinat-
ing proteins.

The editors should be commended for assembling a book that contains authoritative reviews on  
various aspects of the present state of knowledge of animal lectins. In such a rapidly expanding fi eld, 
no review is likely to be exhaustive or up-to-date in a few years time. However, I am confi dent the book 
will be helpful to many readers and will stimulate them to further work in this exciting fi eld.

Nathan Sharon
The Weizmann Institute of Science

Rehovot, Israel
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Preface
It is now well established that protein–carbohydrate interactions play signifi cant roles in modulating 
cell–cell and cell–extracellular matrix (ECM) interactions, which, in turn, mediate various biological 
processes such as cell activation, growth regulation, cancer metastasis, and apoptosis. Thus, the iden-
tifi cation of carbohydrate-binding proteins (lectins) and their ligands, and the detailed understanding 
of the molecular mechanisms and downstream effects of these protein–carbohydrate interactions are 
subjects of intense research at present. During the preparation of this book, a PubMed search of “animal 
lectins” at the National Center of Biotechnology Information Web site (www.ncbi.nlm.nih.gov/) 
yielded almost 73,000 entries, refl ecting the exponential growth of this area of research.

Why a “functional view of animal lectins” now? It is perhaps the growing interest on the rapidly 
expanding glycobiology fi eld, together with the advent of novel technologies for disruption of gene 
expression and knockouts in genetically tractable animal models and the availability of their genomes 
in public databases that have generated an explosive rate of productivity in research related to the 
biological roles of lectins in both invertebrate and vertebrate animal models. Thus, from the contents 
of the chapters that follow, we hope the reader will agree with our assessment about the timing of 
this volume.

Part II is designed to provide the reader with an overview on the current approaches used for 
assessing lectin functions. These include structural and thermodynamic approaches to study lectin–
ligand interactions; the use of glycan arrays for the identifi cation of lectin ligands and the qualitative 
and quantitative analyses of their interactions; whole-genome analysis to characterize the molecu-
lar, structural, and evolutionary diversity of lectins; and fi nally, the animal models available for 
assessing their biological roles.

Part III through VI describe lectin functions within the cell, followed by those lectins that func-
tion at the cell surface, and fi nally, with those that mediate interactions between cells and self/
nonself ligands related to innate and adaptive immunity. Accordingly, Part III is dedicated to lectins 
that participate in glycoprotein folding, sorting and secretion, targeting, degradation, and clearance. 
Part IV focuses on lectin-mediated cell adhesion and cell surface lattice formation. Part V deals with 
the lectins that are involved in cell–cell interactions, signaling, and transport. Part VI is dedicated to 
lectins that are involved in the recognition and effector functions in innate and adaptive immunity. 
Some new lectins and lectin families are also included in the last part.

This book would not have been possible without the contributions of many people. First of all, 
we are very grateful to all contributors for their outstanding and very exciting reviews. Unfortu-
nately, not all color fi gures could be included in the color insert printed within this volume. An 
accompanying CD provided in the back cover of this book contains all the color illustrations, 
which can be expanded on a computer screen for further detailed examination. We are deeply 
indebted to Professor Nathan Sharon (The Weizmann Institute of Science, Rehovot, Israel) for his 
gracious foreword to this book. Our sincere thanks to Dr. Judith E. Spiegel (former editor, Taylor 
& Francis) and Barbara E. Norwitz (current editor, Taylor & Francis) for fi nding our proposal worth-
while for publication. We would like to thank the entire team at Taylor & Francis, especially Patri-
cia Roberson, Joette Lynch, and Suryakala Arulprakasam at SPi for turning the manuscripts into a 
book. Finally, we are very grateful to our family members for their patience and support.

Gerardo R. Vasta
Hafi z Ahmed
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1 Introduction to Animal 
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1.1 EARLY RESEARCH ON LECTINS: HISTORIC PERSPECTIVES

Lectins are generally defi ned as proteins or glycoproteins (other than antibodies and enzymes) that 
bind carbohydrates [1] (see Table 1.1 for major milestones in lectin research). As carbohydrates are 
abundant on the surface of virtually all cells, lectins can mediate cell–cell and cell–extracellular 
matrix interactions. Following the discovery of the fi rst animal lectins from the albumin gland of the 
snail Helix pomatia [2], the Charcot Leyden crystals protein (now galectin-10) [3–5], snake venom 
[6,7] described from the mid- to the late nineteenth century, and the agglutinins from crustaceans 
and horseshoe crabs [8,9] identifi ed in the early twentieth century, the landmark discovery of the 
carbohydrate nature of the H blood group substances by Walter J.T. Morgan and Winifred M. Watkins 
at the Lister Institute in London in the early 1950s, by use of the eel agglutinin [10], was perhaps the 
milestone that initiated the transition from serological approaches to a period of intense biochemical 
research during the 1960s and 1970s. During these two decades, several animal lectins from slime 
molds to horseshoe crabs [11], snails [12,13] and vertebrates including mammals [14,15] were 
identifi ed and biochemically characterized. Since then, the pace of lectin research increased 
dramatically, greatly facilitated by the introduction of affi nity chromatography by Agarwal and 
Goldstein [16] and probably due to the realization that lectins could serve as useful tools for practical 
applications as blood group typing reagents [17] and the identifi cation and characterization of 
carbohydrate structures on the surface of normal and malignant cells [18,19]. During the preparation 
of this volume, a PubMed search of “animal lectins” at National Center of Biotechnology Informa-
tion Web site (www.ncbi.nlm.nih.gov/) yielded almost 73,000 entries, refl ecting the exponential 
growth of this fi eld.

1.2 CURRENT CLASSIFICATION OF ANIMAL LECTINS

With the availability of amino acid sequences and crystal structures of increasing number of animal 
lectins, it is now possible to classify them into several groups mostly based on conserved sequence 
motifs for sugar binding and cation coordination, and structural folds, in addition to additional 
properties such as their requirements for divalent cation or reducing environment, or their nominal 
carbohydrate specifi cities (see Table 1.2). In 1988, Kurt Drickamer pioneered this initiative by iden-
tifying characteristic sequence motifs in the carbohydrate-binding domains of lectins that either 
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4 Animal Lectins: A Functional View 

TABLE 1.1

Major Milestones of Lectin Research

Year Discovery or Breakthrough

1888 Description of fi rst phytoagglutinin (ricin) by Peter Herman Stillmark in his doctoral thesis to the 
University of Dorpat (now Tartu, Estonia)

1891 Paul Ehrlich applied ricin and abrin (toxic hemagglutinin from jequirity bean, Abrus precatorius) as 
model antigens for immunological studies

1899 Description of fi rst animal lectin from the albumin gland of snail Helix pomatia (M.L. Camus)

1902 Description of fi rst bacterial agglutinin (R. Kraus)

1907 Description of nontoxic plant agglutinins (K. Landsteiner and H. Raubitschek)

1919 J.B. Sumner crystallized concanavalin A from the jack bean Canavalia ensiformis, thereby obtaining 
pure hemagglutinin for the fi rst time

1936 First suggestion that carbohydrates on the surface of red blood cells may be the ligands for 
concanavalin A-induced hemagglutination

1941 First description of viral agglutinin (G.K. Hirst)

1947 Description of blood group specifi city of certain hemagglutinins (W.C. Boyd and K.O. Renkonen)

1952 Discovery of the carbohydrate nature of the H blood group substance by Walter J.T. Morgan and 
Winifred M. Watkins by use of the eel agglutinin

1954 W.C. Boyd and E. Shapleigh introduced the term “lectin” (from the Latin legere, to pick out or choose)

1960 P.C. Nowell described that the lectin from the red kidney bean Phaseolus vulgaris, known as 
phytohemagglutinin, possesses the ability to stimulate lymphocytes

1963 I.J. Goldstein introduced affi nity chromatography for the isolation of lectins

1972 First lectin concanavalin A, whose primary structure and 3D structure were elucidated (G.M. Edelman, 
K.D. Hardman, and C.F. Ainsworth)

1974 Isolation of fi rst mammalian lectin (asialoglycoprotein receptor) from liver (G. Ashwell)

1980 I.J. Goldstein et al. defi ned lectin as a carbohydrate-binding protein of nonimmune origin that 
agglutinates cells

1988 S.H. Barondes defi ned lectin as a carbohydrate-binding protein other than an antibody or an enzyme

TABLE 1.2
Classifi cation of Animal Lectins

Lectin Groups Ca2+ Specifi city Defi ning Features

C-type Yes Variable C-type sequence motif

Galectins No β-Galactosides S-type sequence motif

P-type (M-6-P R) Variable Mannose-6-P P-type sequence motif

I-type No Variable Ig-like domains

Pentraxins Most PC/Galactosides Multimeric binding motif

Heparin-binding type No Heparin/heparan-SO2
4
- Basic amino acid clusters

F-type Variable l-fucose F-type sequence motif

Calnexin Yes Glc1Man9 Calnexin sequence motif

M-type Yes Man8 M-type sequence motif

L-type Yes Variable L-type sequence motif

R-type No Variable R-type sequence motif

F-box No GlcNAc2 F-box sequence motif

Ficolin Yes GlcNAc, GalNAc Ficolin sequence motif

Chitinase-like (Chilectins) No Chito-ologosaccharides Triose-phosphate isomerase (TIM) 
barrel-like structure

Intelectins (X-type) Yes Gal, galactofuranose, pentoses Intelectin sequence motif
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required calcium or a reducing environment for binding their ligands, leading to propose that these 
lectins be classifi ed as C- and S-types, respectively, on the basis of their known amino acid sequences 
[20]. Since then, the identifi cation of conserved sequence motifs in the CRDs of numerous lectin 
groups has resulted in the establishment of multiple lectin families, and the search for such motifs 
constitutes the most frequently used diagnostic tool for the family assignment of any newly identi-
fi ed lectin. For lectin families like the C- and the F-type, in which the CRDs can be found in combi-
nation of a great variety of apparently unrelated domains to form mosaic or chimeric molecules, it 
is more appropriate to describe them as domain families rather than lectin families. Some lectin 
sequence motifs such as that typical of the C-type lectin domain (CTLD), however, can also be 
found in nonlectin proteins such as the type II [21] antifreeze protein [22,23] and galectin-like 
domain in the hematopoietic stem cell precursor, HSPC159 [24]. Similarly, the fi nding of typical 
lectin structural fold in apparently unrelated, nonlectin proteins, in which the lectin signature motif 
is poorly conserved or absent, has raised interesting questions about their evolutionary history, either 
cooption or convergence [25–27]. Finally, lectins, for which no extensive bona fi de families have 
been identifi ed so far, constitute a signifi cant group of proteins that remain to be investigated and 
likely to yield novel insight into structure–function relationships.

1.3  NEW INSIGHT INTO THE BIOLOGICAL ROLES OF LECTINS:
A ROADMAP TO THE BOOK’S CONTENTS

Part II of this volume is designed to provide the reader with an overview of the current approaches 
used for assessing lectin functions. These include structural (Bianchet et al., Chapter 2) and thermo-
dynamic (Dam and Brewer, Chapter 3) approaches to study lectin–ligand interactions, the use of 
glycan arrays for the identifi cation of lectin ligands (Smith and Cummings, Chapter 4), and the 
qualitative and quantitative analyses of their interactions (Hirabayashi, Chapter 5), a whole-genome 
analysis to characterize the molecular, structural, and evolutionary diversity of lectins (Zelensky and 
Gready, Chapter 6), and fi nally, the animal models available for assessing their biological roles 
(Ahmed et al., Chapter 7). In Chapter 2, Bianchet et al. provide a general description of the structural 
aspects of the lectin–ligand recognition and discuss the mechanism by which lectin discriminates 
among different sugars. In Chapter 3, Dam and Brewer discuss general mechanisms for the increased 
binding avidity and specifi city of multivalent lectin molecules for ligands and counterreceptors and 
extended site binding of a receptor for a multivalent ligand. Smith and Cummings (Chapter 4) 
describe a new approach (glycan microarray) for high-throughput screening of a variety of glycan-
binding proteins (GBPs) to identify glycans (candidate ligands) that are recognized with the highest 
affi nity by the GBPs. Using these microarrays, these investigators explore the functional recognition 
of the vast repertoire of glycans present in nature. Hirabayashi, in Chapter 5, discusses the development 
of the frontal affi nity chromatography (FAC), which allows quantifi cation of lectin–carbohydrate 
interactions. The author also describes “lectin microarray,” which can be used to identify glycan-
related biomarkers as well as high-throughput quality control of various cells and glycoprotein 
drugs. By analysis of whole-genome and other data resources, Zelensky and Gready (Chapter 6) 
characterize the molecular, structural, and evolutionary diversity of CTLDs and add three new 
groups (XV–XVII) to the already characterized 14 CTLDs (I–XIV) by Drickamer and his associ-
ates. At the end of this part, Ahmed et al. (Chapter 7) address the progression and development of 
structural–functional studies on lectins using a variety of animal species and illustrate the current 
use of animal models (mammalian and alternative nonmammalian systems) for the characterization 
of galectin function.

The following parts are organized in a progression that starts with lectin functions within the 
cell, followed by lectins that function at the cell surface, and fi nally, with those that mediate interac-
tions between cells and “self”/“nonself” ligands related to innate and adaptive immunity. Accord-
ingly, Part III is dedicated to lectins that participate in glycoprotein folding, sorting and secretion, 
targeting, degradation, and clearance. In Chapter 8, Caramelo and Parodi discuss how endoplasmic 
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reticulum (ER)-resident lectins, calreticulin (a soluble protein) and calnexin (a membrane-bound 
homologue of calreticulin), in conjunction with two ER enzymes, glucosidase II and UDP-
Glc:glycoprotein glucosyltransferase (UGGT), participate in a quality control system responsible 
for protein folding. Both calreticulin and calnexin act as nonclassical chaperones and enhance fold-
ing effi ciency by preventing nonspecifi c protein–protein interactions and favor correct disulfi de 
bridge pairing by facilitating the action of ERp57, a member of the protein disulfi de isomerase 
family. In most cases, UGGT is the sole element in the system in charge of sensing the conforma-
tional and assembly status of protein monomers or oligomers. Nyfeler et al. (Chapter 9) describe 
the molecular features of the four animal L-type lectins (ERGIC-53, VIP36, ERGL, and VIPL) and 
their roles in glycoprotein sorting and traffi cking. Nancy Dahms and her associates (Chapter 10) 
describe two members of the P-type lectin family, the 46 kDa cation-dependent mannose-6-
phosphate receptor (CD-MPR) and the 300 kDa cation-independent mannose-6-phosphate receptor 
(CI-MPR), and their abilities to direct the delivery of approximately 50 different newly synthesized 
soluble lysosomal enzymes bearing mannose-6-phosphate (Man-6-P) on their N-linked oligosac-
charides to the lysosome. From the crystallographic studies, these investigators demonstrate that 
the two MPRs use related, but yet distinct, approaches in the recognition of phosphomannosyl resi-
dues. In Chapter 11, Hosokawa and Nagata describe the role of M-type lectins in the sorting of 
newly synthesized glycoproteins to the secretory pathway. ER-associated protein degradation 
(ERAD) is a mechanism to eliminate proteins that fail to adopt correct conformations in the ER 
after retrotranslocating the proteins to the cytosol. For the disposal of glycoproteins by ERAD, 
mannose is trimmed from the N-glycans by ER α-mannosidase I and the misfolded glycoproteins 
in the form of Man8B (Man8GlcNAc2 isomer B) is recognized by a lectin and sorted for the dis-
posal pathway. These authors also discuss the cloning and function of mammalian ER-degradation 
enhancing α-mannosidase-like protein (EDEM1) and yeast homologue Htm1p/Mnl1p molecules, 
which enhance glycoprotein ERAD. In the last chapter (Chapter 12) of this part, Harris and Weigel 
explore the biological diversity of the hyaluronan and chondroitin sulfate receptors such as 
TSG-6, RHAMM, CD44, LYVE-1, and HARE with regard to their functional activities related 
to glycosaminoglycan-binding and cellular responses.

Part IV focuses on lectin-mediated cell adhesion and cell surface lattice formation. In Chapter 13, 
Wang et al. describe the role of galectin-3 in apoptosis, proliferation, and metastasis of tumor cells 
and summarize the clinical signifi cance of galectin-3 expression in tumors. Schnaar and Mehta 
(Chapter 14) describe a member of the Siglec family of sialic acid–binding lectins, Siglec-4, which 
is exclusively expressed in the nervous system and regulates axon–myelin stability and axon regen-
eration possibly through interactions with nonreducing glycan terminus NeuAcα2-3Galβ1-3GalNAc 
of gangliosides GD1a and GT1b present in axons. Harris and Weigel (Chapter 15) describe four 
lecticans (such as aggrecan, neurocan, brevican, and versican) that bind hyaluronan and their pos-
sible roles in matrix stabilization, cellular differentiation, and tissue morphogenesis by keeping the 
cells together. Kamiya et al. (Chapter 16) describe the roles of coral lectins in symbiosis, one of the 
most intriguing biological phenomena in shallow areas of the tropical sea. They particularly focus 
on morphological changes in zooxanthellae and discuss mechanisms of interaction between corals 
and their algal symbionts that are mediated by protein–carbohydrate recognition.

Part V deals with the lectins that are involved in cell–cell interactions, signaling, and transport. 
In Chapter 17, Oetke and Crocker describe sialoadhesin and the CD33-related siglecs and their 
binding to sialylated pathogens, and their function in fi ne-tuning cells of the immune system. Kerrigan 
et al. (Chapter 18) focus on the signaling pathways mediating the various cellular responses induced 
by a pattern recognition receptor, Dectin-1, and how these responses are tailored to initiate antifungal 
immunity. Smith and Tedder (Chapter 19) describe the role of CD22 (another member of Siglec 
family) in regulation of normal B cell signal transduction and function, activation-induced cell 
death, and the homeostatic survival of B cells in the periphery. In Chapter 20, Espeli et al. report on 
the early steps of B cell development in the bone marrow by focusing on the specifi c interactions 
between early B cell precursors and the bone marrow microenvironment. They focus on the mode of 
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activation of the receptor expressed by early pre-B cells, called the pre-BCR, which depends on the 
secretion of galectin-1 by bone marrow stromal cells and on specifi c interactions between the pre-BCR, 
galectin-1, and integrin members. In the last chapter of this part (Chapter 21), Lau et al. discuss 
about Golgi N-glycan processing and galectin function. They demonstrate that the N-glycan multiplicity  
cooperates with the physical and kinetic properties of the Golgi pathway to determine relative levels 
of surface glycoproteins and suggest that galectins, the N-glycan multiplicity, and the Golgi N-glycan  
branching pathway have coevolved to balance cellular sensitivities to multiple extracellular cues 
controlling growth and arrest in mammals.

Part VI is dedicated to lectins that are involved in recognition and effector functions in innate and 
adaptive immunity. In Chapter 22, Møller-Kristensen et al. describe mannan-binding lectin (MBL) 
polymorphisms and infectious diseases. They consult several published studies to investigate a possible 
connection between MBL defi ciency and susceptibility to infections by bacteria, viruses, fungi, and 
parasites, and conclude that MBL defi ciency appears to be linked to increased susceptibility  to infec-
tions. Palaniyar et al. (Chapter 23) discuss on immunoregulatory roles of two collectins, lung surfactant 
proteins A and D. These two collectins serve as endogenous antibiotics and mediators of infl amma-
tion and thus have emerged as effector molecules of the innate immune system. These collectins  also 
involve in the crosstalk between innate and adaptive immunity through interactions with complement 
system via antibody molecules and dendritic cells (DC) via Toll-like receptors (TLRs). van Kooyk 
(Chapter 24) describes C-type lectin receptors (CLR) on DC, the crucial immune cells located at 
peripheral tissues throughout the human body. It has been shown that the recognition of pathogens by 
DC through CLRs and TLRs can differentiate DC in various directions, leading to specifi c production 
of cytokines that can either activate T cells or inhibit T cell function. The investigator demonstrates 
that both CLRs and TLRs fi ne-tune immune responses through the concerted action of pattern recog-
nition receptors (PRR) occupancy by the signature of the pathogen. Dimasi (Chapter 25) describes 
structural and functional roles of CLRs on natural killer (NK) cells. NK cells are large granular lym-
phocytes, which, unlike cytotoxic T cells, do not require a previous challenge and preactivation for 
their actions. NK cells are equipped with two different sets of surface receptors, inhibitory and acti-
vating, and a fi ne balance between these inhibitory and activating stimuli determines whether NK 
cells will destroy the target cells. These inhibitory and activating receptors on NK cells belong to 
either the immunoglobulin-like receptor (IgSF) superfamily such as killer cell immunoglobulin-
like receptors (KIRs) and leukocyte Ig-like receptors (LIRs) or the CTLD superfamily, such as 
Ly49s, CD69, NKG2D, and CD94/NKG2. The author describes in a functional context the structure 
of the NK cell surface receptors of the C-type lectin superfamily and their complex with the major 
histocompatibility complex (MHC) Class I or Class I-like molecules that have been resolved through 
high-resolution x-ray crystallography. In Chapter 26, Yu and Kanost discuss the roles of a family of 
C-type lectins (immulectins) in innate immunity of tobacco hornworm. Immulectins serve as PRRs 
and bind to structural molecular patterns, generally termed pathogen-associated molecular patterns, 
present on the surface of most microorganisms but not on the host cells. Several chapters are devoted 
on the regulatory roles of galectins in immune responses. Rabinovich et al. (Chapter 27) summarize 
recent developments in understanding of the role of galectins within different immune cell compartments, 
and in the broader context of the infl ammatory microenvironments. The authors provide solid 
evidence to claim that galectins can serve as immunosuppressive agents or targets for anti-infl ammatory 
drugs. Stowell and Cummings (Chapter 28) evaluate the effects of galectins on leukocytes in aspects 
of innate immunity. The authors propose that galectins may serve as key immune regulatory elements, 
which can induce key changes in leukocytes, including apoptotic death, removal and turnover, or 
immunosuppressive alterations in cytokine production. Galectins are believed to play a key role to 
signal leukocyte elimination or shift toward a more tolerable Th2 outcome, following their release 
during excessive immune-mediated tissue damage. Hsu and Liu (Chapter 29) very effectively describe 
in detail the regulation of immune responses by galectin-3.

Some new lectins/lectin families are also included in this part. Lee and Pierce (Chapter 30) 
describe the X-lectins, a new family of lectins with homology to the Xenopus laevis oocyte lectin 
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XL-35, which lack a CTLD but carry a fi brinogen-like motif. X-lectins participate in the formation 
of the fertilization envelope that blocks sperm entry, and in the embryo, in cell–cell interactions and 
cell–matrix adhesion. Vasta et al. (Chapter 31) describe F-type (l-fucose-binding) lectins, a new 
family of recognition factors. The F-type lectin from European eel revealed a novel lectin fold 
(the “F-type” fold) with unique fucose- and calcium-binding sequence motifs. The F-type lectin 
family comprises a large number of proteins present from prokaryotes to vertebrates, exhibiting 
single, double, or greater multiples of the F-type motif, either arrayed in tandem or in mosaic com-
binations with other domains, yielding subunits of variable sizes even within a single species. This 
widespread, heterogeneous distribution of the F-type domain suggests an extensive structural–func-
tional diversifi cation of this lectin family. In Chapter 32, Stout et al. discuss the biology of fi brinogen-
related proteins (FREPs) from the freshwater snail Biomphalaria glabrata. A brief overview of the 
role of  FREPs in internal defense across the animal phyla is provided. The discovery and basic 
structural features of FREPs and their roles in defense responses against trematodes are discussed. 
Kamhawi and Valenzuela (Chapter 33) describe lectins in sand fl y–Leishmania interactions and hypoth-
esize that the lectin–Leishmania interactions may be necessary for a successful infection in the fl y. In 
Chapter 34, Matsushita et al. discuss the structural basis for recognition plasticity of fi colins, a family 
of proteins that have both collagen-like and fi brinogen-like domains with a carbohydrate specifi city 
for N-acetylglucosamine. Serum fi colins play an important role as pattern recognition molecules in 
innate immunity by complexing with serine proteases termed MASPs. Upon binding to carbohy-
drates on the surfaces of microbial pathogens, serum fi colins eliminate them by direct opsonization. 
In Chapter 35, Hatakeyama describes characteristic features of a Ca2+-dependent, Gal/GalNAc-
specifi c lectin (CEL-III) from the sea cucumber (Cucumaria echinata) and its putative mechanism of 
hemolytic activity on the basis of the structural information. This lectin exhibits hemolytic and cyto-
toxic activities through formation of ion-permeable pores composed of its oligomers in the target cell 
membranes. In the last chapter, Morroll et al. describe the structural features of chitinases and chilectins, 
which may have arisen from the gene duplication events. Chilectins have lost the ability to cleave 
chitin due to mutations in the active site, but retain the ability to bind carbohydrates.
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2.1 INTRODUCTION

Animal lectins are carbohydrate-binding proteins expressed in a variety of tissues. They are excreted 
or membrane-bound proteins and mediate many biological processes including cell-to-cell adhesion, 
protein traffi cking, and innate responses to pathogens (Drickamer and Taylor, 1993; Gabius, 1997). 
Lectins recognize carbohydrate-containing structures of the host itself and of the host’s pathogens. 
Their most common ligands are carbohydrates structures such as glycoconjugates of endogenous 
glycoproteins or oligosaccharide patterns on external membranes of pathogens (Buz et al., 2006). 
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14 Animal Lectins: A Functional View 

Recognition of such structures by the lectin may be traced back primarily to binding by the lectin 
carbohydrate recognition domain (CRD) of a few monosaccharide moieties of the oligosaccharide, 
frequently terminal or capping monosaccharides such as sialic acid (Sia), galactose (Gal), fucose 
(Fuc), or sulfated sugars (Rudd et al., 2001). Although, this monosaccharide specifi city character-
izes the lectin function, monosaccharides bind to a single-lectin CRD with high specifi city but with 
low affi nity (dissociation constants KD in the millimolar range (Rini, 1995; Weis and Drickamer, 
1996; Weis, 1997)). Lectins have the ability, required by their biologic function, to differentiate 
among a vast variety of complex carbohydrate structures sharing the same monosaccharide. In par-
ticular, innate immunity functions require discrimination between host and nonhost carbohydrate 
structures. The required enhanced avidity for a particular glycan is achieved by secondary recognition 
of other carbohydrate moieties of the glycan in an extended binding site or by combined recognition by 
multiple CRDs (multiplicity) of several glycans. Clustering of CRDs, built either in a single polypeptide 
chain or as a result of quaternary association, endows lectins with specifi city for arrangements of 
glycans present in the host or the nonhost structures, enabling their discrimination. For example, 
mannose-binding proteins (MBPs) bind with high avidity the cell surface of pathogens that present 
a dense arrangement of high mannose structures. In this chapter, we focus our discussion on structural 
aspects of carbohydrate recognition by lectins.

Animal lectins can be classifi ed into two classes: lectins that contain an evolutionarily conserved 
CRD and lectins that do not contain this conserved unit and appear to have converged by evolving 
equivalent carbohydrate binding properties. Based on sequence homologies and evolutionary 
relatedness, most of the lectins have been classifi ed into several families: C-type, S-type or galectins, 
P-type or Man-6-P lectins, Ig-type or Siglecs, R-lectins, and F-type lectins (Table 2.1). The other 
class of animal lectins, which includes pentraxins (pentameric subunit arrangements), glycoamino-
glycan-binding proteins (basic aminoacids cluster), sulfoglucoronosyl lipid-binding proteins, ganglioside-
binding proteins, resists classifi cation because members of this class do not show a detectable 
sequence homology or evolutionary relation. (We are going to limit our discussion to fi rst class 
because a comprehensive discussion of the other class is outside of the scope of this chapter.) 
The most consistent structural characteristic responsible for carbohydrate recognition by lectins is 
the presence of a shallow pocket containing a specifi c pattern of hydrogen-bonding groups that 
interact with sugar hydroxyls and aromatic groups or hydrophobic patches that stack or interact with 
the carbohydrate apolar face or with hydrophobic substituents.

In the following sections we will discuss the structural characteristics of the different lectin 
families.

TABLE 2.1
Lectin Families

Lectin Family Cation Carbohydrate Specifi city Defi ning Features

C-type Yes Man, Gal, Fuc (Variable) C-type sequence motif

S-type (Galectins) No β-galactosides S-type sequence motif

F-type Yes Fucose F-type sequence motif

I-type (singlecs) No Sia (Variable) Ig-like domains

P-type (Man-6-P) Variable Mannose-6-P P-type sequence motif

R-type No β-Galactosides R-type sequence motif

Others Families
Heparin-binding type No Heparin/heparan-(SO4)2− Basic amino acid clusters

Pentraxins Most PC/galactosides Pentameric repeats

PC, phosphoryl-choline.
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2.2 C-TYPE LECTINS

C-type lectins (or C-lectins) are a family of animal proteins that exhibit Ca2+-dependent carbohydrate-
binding properties. C-lectins mediate biological processes including endocytosis of ligands, cell-to-cell 
adhesion, and serum glycoproteins turnover (Drickamer and Taylor, 1993). The earliest C-type lectins 
studied were MBPs (Drickamer et al., 1986; Taylor et al., 1992). Members of this family present a 
variety of modular architectures; all share one or more modules, the C-type lectin domain (CLD), 
with a signature sequence motif (Figure 2.1A). In this motif, four conserved cysteines residues, which 
form two structurally important disulfi de bridges, are strictly conserved. Other proteins that lack 
carbohydrate-binding properties also contain C-type lectin-like domains (CTLDs), suggesting that 
this domain is a characteristic of a larger protein superfamily (Drickamer, 1993). Nevertheless, we are 
going to focus this presentation on a subset of these proteins with carbohydrate-binding properties.

2.2.1 THREE-DIMENSIONAL STRUCTURE OF THE C-TYPE LECTIN DOMAIN

Many structures of CLD-containing proteins have been determined (Table 2.2); in those, the 
regular elements of secondary structure are conserved with changes concentrated in the loops 
connecting these elements. The CLD is a globular α/β structure between 115 and 130 amino acids 

Asn192

Glu190

Asn210

Asp211

Glu198

Val194
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Ca-1 Ca-2

β2

β3

β4

β5
β1

α1

α2
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1
X8GXTDX5TX4WX2 [E/Q]P[N/D]X6EX2C
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4
E

FIGURE 2.1 (See color insert following blank page 170. Also see CD for color fi gure.) Sequence motif 
and structure of C-lectins. (A) Sequence motif of C-lectins. The long sequence motif characteristic of C-lectins 
shows the conserved residues in blue, the cysteines in green, and the conserved proline in red. The two disulfi de 
bridges that connect the cysteines are shown by the thick magenta lines. (B) Overall structure. The structure of 
the C-lectin CRD is the small α/β module shown in the fi gure using the PDB 1RLD. The three Ca2+ are shown 
as green spheres. At the top of the CRD, the binding site for ligand is shown occupied by mannose. (C) Mannose 
bound to a C-lectin. The binding site is shown as a transparent surface. The groups interacting with the ligand 
are visible through the surface. Residues that contact the ligand are visible through the surface. H-bond 
interactions are indicated by the dashed line.
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in length (Figure 2.1B). The carbohydrate binding site is located at one end of the domain. 
Between one and four bound Ca2+ atoms are observed in the crystal structures of different CLDs 
(Table 2.2); only one of Ca2+ sites is strictly conserved among these lectins. Man-binding proteins 
have two calcium atoms, Selectins have only one. The N- and C-termini of the CLD form a two 
strands antiparallel β-sheet (β1 and β7 at the opposite end of the carbohydrate-binding site. Two 
consecutives helices (α1 and α2) surround these strands. Helix α2 and the β-sheet (β1, β7) partici-
pate in oligomer formation (Drickamer, 1999). These secondary structure elements encompass 
roughly one-half of the CLD residues and constitute a scaffold for the other half, which is com-
monly described as a double loop or “loop in the loop” structure (Zelensky and Gready, 2005). The 
N-terminal half of the double loop is a long loop (Figure 2.1B) that displays the greatest variation 
among C-lectins. The size of this long loop allows sorting of CLDs in two types: canonical CLDs 
and compact CLDs (Drickamer, 1999; Zelensky and Gready, 2005). This region contains most of 
the hydrophobic core residues of the domain and the less conserved fi rst calcium-binding site (Ca-1). 

TABLE 2.2
Crystal Structures of Lectins

Lectin Type PDBid Ligand Species Comments

Galectin-1 1A78 TDG Amphibian

1HLC Lac Human

1SLT LacNAc B. taurus

Galectin-3 2NN8 Lac

Galectin-4 1X5O Human NMR

Galectin-7 1BKZ Human

Galectin-9 2D6M Mouse

C-lectin 1BYF D-Gal Tunicate

1G1S S-Lex, peptide Human P-selectin

1G1T S-Lex Human P-selectin

1H8U Human MBP

1IXX Snake

1SL6 Lex Human

1SZB Human MAP19

1TN3 Human Tetranectin

1WMZ GalNAc Echinoderm

2AFP Fish NMR

C-lectin (CD23) 2M2T

2KMB 3′NeAu Lex

1C3A

1E9L

1JC9

F-lectin 1K12 Fuc Fish A. anguilla

3CQ0 Fuc Fish Striped Bass

2J22 Fuc S. pneumoniae

IG-lectin 1NKO

R-lectin 2AO3 OMe-GalNAc Earthworm

Tackylectin-5 1TL2 GlcNac Crab

P-lectin 1M6P Man-6-P B. taurus

1SZ0 Man-6-P B. taurus
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The C-terminal region of the double loop binds carbohydrate in a shallow depression made by 
three stretches of residues S1, S2, and S3 in a S1–S3–S2 sequence, surrounded by fi ve loops. S2 
and S3 are β-strands in an antiparallel β-sheet (β5, β6; Figure 2.4B). S1 contains the motif [E/Q]
P[N/D]X6E, S2 contains the conserved Cys, and S3 a WNDX2C motif. This highly conserved and 
more hydrophilic portion of the fold is stabilized by one conserved disulfi de bridge that joins the 
onset of S2 and the end of S3. A conserved Ca2+ site (Ca2) bridges S1 and S3 (strand β6). 
The structural and carbohydrate-binding roles of the calcium sites correlate with the cation 
dependence of these lectins (Ng et al., 1998). An extra segment that folds as a hairpin, stabilized 
by an additional pair of bridged cysteines separated by 10 residues, is observed in several 
structures including tetranectin (Nielsen et al., 1997) and are referred as long-form CLDs.

2.2.2 CARBOHYDRATE-BINDING SITE AND SPECIFICITY OF C-TYPE LECTINS

The Ca2+ and its equatorial ligands bind two contiguous hydroxyl groups of the carbohydrate, such 
as the 3- and 4-OH groups in Man and GlcNac or the equivalent 2- and 3-OH groups of Fuc. Five 
residues from S1 and β6 coordinate the cation at its binding site. Strand S1 provides three oxygen 
atoms as Ca2+ equatorial ligands: a Glu (or Gln see below), an Asn one residue away and a Glu fur-
ther down (in blue in the motif of Figure 2.1A). The cis-proline residue in S1, between the fi rst two 
Ca2+ ligands, plays an essential role in forming correct structure of the binding site. This residue has 
been shown to go through a cis–trans isomerization reaction when Ca2+ binds the protein (Ng et al., 
1998). Strand S3 provides two oxygen atoms as cation ligands, one equatorial from an Asn and one 
axial from a nearby Asp (Figure 2.4B). Early in the discovery of C-type lectins, a distinction was 
made between C-lectins that preferentially bind Man-containing carbohydrates and those that prefer 
Gal-containing structures. The monosaccharide preference was correlated with a short sequence in 
S1: EPN for Man-binding and QPD for Gal-binding. Iobst and Drickamer (1994) switched the 
specifi city of a mannose-binding C-lectin to Gal by substituting the Glu to Gln and the Asn to Asp 
(EPN → QPD). Their structural analysis of the Gal-specifi c MBP-A mutant showed that the substi-
tutions do not produce changes in the binding site and that the switch in the specifi city was induced 
by swapping the hydrogen-bond donor (N of the amides) and acceptor (O, of the carboxylates) 
across the sugar-binding plane that results in changes in the hydrogen-bonding pattern from the 
Man-type asymmetrical (around the Ca2+) to Gal-type symmetrical. The same distribution of 
H-bonding partners was observed in the Gal-binding lectin TC-14 from the tunicate Polyandrocarpa 
misakiensis (Poget et al., 1999). The TC-14 CLD contains an unusual EPS motif in S1, which shows 
similarities to the motifs of the Man-binding proteins but contains a Ser as a hydrogen-bond donor 
instead of the Asp in MBP-A. In addition, the crystal structure revealed that this change in specifi city 
is due to a compensatory modifi cation on the opposite side of the ligand-binding site (the S2 
WND-motif is changed to LDD), and a 180° rotation of the Gal residue compared with the 
orientation observed in the Gal-binding MBP-A mutant.

2.2.3 EXTENDED CARBOHYDRATE SITE

Other moieties of complex oligosaccharides show additional interactions with groups of the protein 
outside of the binding site that result in enhanced specifi city. For example, a shallow hydrophobic 
pocket close to the Ca-2 site provides a binding site for the N-acetyl group of GalNac in the asialo-
glycoprotein receptor and results in a 50-fold enhancement of the affi nity for GalNac compared to 
the nonsubstituted Gal (Kolatkar et al., 1998).

2.2.4 QUATERNARY ASSOCIATION AND C-LECTIN SUBFAMILIES

Collectins and selectins are oligomeric molecules composed of CLDs attached to collagen regions 
or a-coiled neck regions.
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Collectins are a class of C-lectins containing a collagen-like domain. Mannose-binding lectin 
(MBL), conglutinin, and collectin-43 (CL-43) are serum proteins produced by the liver. MBLs 
have affi nity for high-mannose oligosaccharides on cell surfaces of pathogens (Vasta et al., 1999; 
Ng et al., 2002). They assemble in large oligomeric complexes containing up to 27 units. MBP-A 
forms, with its collagen like tails, a trimeric helical structure stabilized with disulfi des bridges in its 
cysteine-rich N-terminal region.

Selectins are integral membrane proteins that mediate adhesion in leukocyte migration. The 
three types, E-, L-, and P-selectins, bind Fuc and the negatively charged sialic acid. As a conse-
quence, all three proteins bind Lewis x (Lex; Gal α(1,4)-[Fuc α(1–3)]-GlcNac) and sialyl-derivatized 
Lex (sLex; NeuNAc α(2,3)−Galα(1,4)-[Fuc α(1–3)]-GlcNac). All selectins share the domain archi-
tecture of an N-terminal CLD followed with a primary sequence similar to the elongation growth 
factor (EGF) precursor, and followed for a variable number, of tandem repeats of 62 residues each 
(CR-repeats, complement-regulatory or consensus repeat) with a transmembrane segment and a 
short cytosolic domain (Lasky et al., 1989). The number of CR-repeats is type-dependant: E-selectins 
have four repeats, P-selectins have nine repeats, and L-selectins have two (CD62L protein), six 
(CD62E protein), and nine repeats (CD62P protein) (Lasky, 1995).

2.3 GALECTINS

Galectins are a family of β-galactoside-binding proteins that are believed to participate in a variety 
of biological processes, such as early development, tissue organization, immune functions, tumor 
evasion, and cancer metastasis (Leffl er et al., 2004; Vasta et al., 2004; Liu and Rabinovich, 2005). 
To date, 15 members of the galectin family (Ahmed et al., 1990) have been identifi ed in higher 
vertebrates displaying either one (proto and chimera types) or two CRDs (proto and tandem-repeat 
types) (Cooper, 2002). Galectins-1, 2, 5, 7, 10, 11, 13, 14, and 15 are examples of the proto type 
galectins, of which galectin-5 and 7 are monomeric, whereas all others are homodimeric. Galectin-4, 
6, 8, 9, and 12 are tandem-repeat type galectins. Galectin-3 is the only chimera-type galectin, with 
three distinct structural domains: a 12-amino acid N-terminal domain, a collagen-like sequence rich 
in proline and glycine, and a carboxy terminal domain containing a CRD (Gong et al., 1999).

Galectins have a high affi nity for small β-galactosides, but binding specifi city for complex 
glycoconjugates varies considerably within the family. Structural analysis of lectins has provided 
insights into the molecular basis of protein–carbohydrate interactions. Moreover, the quaternary 
structure of the lectins provides information about multivalency in protein–carbohydrate 
interactions.

2.3.1 THREE-DIMENSIONAL STRUCTURE OF GALECTINS

The structures of fi ve mammalian galectins has been determined so far (Lobsanov et al., 1993; 
Bourne et al., 1994; Liao et al., 1994; Leonidas et al., 1995, 1998; Seetharaman et al., 1998): one 
avian (Varela et al., 1999), one amphibian (Bianchet et al., 2000), two fi sh (Shirai et al., 1999, 
2002), and one fungal (Walser et al., 2004). They all share a similar structure consisting of a jelly 
roll topology typical of legume lectins. The crystal structure of the bovine galectin-1 complexed 
with the disaccharide N-acetyllactosamine [LacNAc, Galβ(1,4)GlcNAc] determined at 1.9 Å resolution 
(Liao et al., 1994) (Figure 2.2A) defi ned the fold of these lectins. Each subunit of the galectin-1 
dimer is composed of a β-sandwich of two antiparallel β-sheets formed by six (β1, β1, β3–6) and 
fi ve (β11, β2, β7–9) strands respectively. Galectin-1 and -2 are dimeric and the N- and C-terminals 
of each subunit are located at the dimer interface. The two monomers of the galectin-1 are related 
by a twofold rotation axis perpendicular to the plane of the β-sheets. The structure reveals that 
there is one carbohydrate-binding site per monomer. These carbohydrate-binding sites, located on 
the same side of the β-sandwich and at opposite ends of the dimer 46 Å apart, are defi ned by clefts 
formed by strands β4–β6 of the six-stranded β-sheet (Figure 2.2A and C). Interestingly, despite the 
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lack of signifi cant sequence homology, galectins fold with the same jelly roll topology as that of 
the legume lectins such as pea lectin ConA, and Erythrina corallodendron lectin (Liao et al., 
1994). (The mammalian pentraxins, serum amyloid protein (SAP) and the C-reactive protein 
(CRP), also share the legume lectin fold (Emsley et al., 1994).) In contrast, there is no resemblance 
between the fold of galectins and that of C-type lectin and no sequence homology, indicating these 
two families of lectins are not related.

2.3.2 QUATERNARY STRUCTURES

Although galectins share the same fold, their quaternary association may differ (Lobsanov et al., 
1993; Bourne et al., 1994; Liao et al., 1994; Leonidas et al., 1995, 1998; Seetharaman et al., 1998; 
Shirai et al., 1999, 2002; Varela et al., 1999; Bianchet et al., 2000; Walser et al., 2004). Furthermore, 
some unique structural features can be identifi ed in the most divergent family members. For 
example, Congerin I, a galectin from the conger eel Conger myriaster, has conformationally 
extended N- and C-termini that are believed to participate in intersubunit “strand swapping” when 
dimerized (Shirai et al., 1999). This “strand-swapinp” contributes to stabilize the dimer by increasing 
intersubunit interactions, and perhaps explains the high thermostability of the protein (Shirai et al., 
1999). CGL2, a galectin from the fungus Coprinus cinereus, forms a tetramer characterized by two 
perpendicular twofold axes of rotation, with the C-terminal amino acids of the four monomers 
meeting at the center of the tetramer interface (Walser et al., 2004).
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FIGURE 2.2 (See color insert following blank page 170. Also see CD for color fi gure.) Structure of galec-
tins. (A) Overall structure of a galectin dimer. The dimer is shown with the twofold axis perpendicular to the plane 
of the fi gure. The strands forming the two β-sheets are labeled. TDG is shown bound to the lectin. (B) Details of 
LacNac binding to B. taurus galectin-1. A transparent rendition of the surface of the binding cavity is shown with 
the amino acids visible behind the surface. (C) Detail of TDG binding to the B. arenarum galectin-1.
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The Galectin-7 structure was determined in the native form and in complexes with Gal, GalNac, 
lactose (Lac), and N-acetyllactosamine (LacNac) (Leonidas et al., 1998; Saussez and Kiss, 2006). 
Although binding of carbohydrate by the Galectin-7 protomer is quite similar to that other galectins, 
the crystal structure (Table 2.2) of galectin-7 shows that dimerization of this lectin is very different 
from those of dimeric galectins. A hydrophobic patch opposite to the carbohydrate-binding site 
mediates the dimerization burying 1484 Å2 (Leonidas et al., 1998; Rini and Lobsanov, 1999).

2.3.3  CARBOHYDRATE-BINDING SPECIFICITY OF GALECTINS 
AND THEIR CARBOHYDRATE-BINDING SITES

The ability of galectins to discriminate among carbohydrate structures is striking. For example, 
the binding affi nity of bovine galectin-1 for either d-Gal or its α/β methyl derivative is almost 200 
times lower than for the β-Gal-containing disaccharide Lac (Ahmed et al., 1990, 1996, 2004). For 
most galectins, LacNAc and thiodigalactoside (TDG) are 5–10 times more active than Lac. In 
general, the 4¢-OH, 6¢-OH groups of the Gal residue of Lac/LacNAc are critical for binding, and 
thus, any changes (epimers or substitutions) of these hydroxyls reduces binding effi ciency. The 
equatorial 3-OH of the GlcNAc residue of LacNAc is also important for binding because 
Galβ1,3GalNAc (T-disaccharide) is a very poor inhibitor for most galectins. Substitution of the 
2¢-OH, the 3¢-OH of the Gal residue or both, however, does not affect the binding of galectin-1 to 
the carbohydrate ligand.

Close examination of the carbohydrate-binding specifi cities of galectins, however, reveals diver-
sity in their binding properties (Ahmed et al., 1994, 2002). For example, the T-disaccharide is a good 
ligand for galectin-3 and other chimera galectins and for the 16 kDa galectin from Caenorhabditis 
elegans (Leffl er and Barondes, 1986; Ahmed et al., 2002). Moreover, GalNAcα(1,3)[Fucα(1,2)] 
Galβ(1,4)Glc (A-tetrasaccharide with substitutions at 2¢ and 3¢-OH of the Gal residue) has almost 
100-fold higher affi nity for galectin-3 than for galectin-1 (Leffl er and Barondes, 1986). The crystal 
structures of galectins complexed with their carbohydrate ligands allowed the identifi cation of not 
only the amino acids involved, but also of the hydroxyl groups of the ligands that participate in the 
interactions. Moreover, the molecular basis of the variable binding properties of certain galectins 
can be explained in terms of their 3-D structure.

2.3.3.1 Conserved Carbohydrate-Binding Site

The carbohydrate-binding site of the bovine galectin-1 is formed by three continuous concave 
strands β4–β6 containing all residues involved in direct interactions with the LacNac (Figure 2.2B). 
The Gal residue of the bound LacNac is deeply buried in the carbohydrate-binding cleft. The 4¢-OH 
group of the Gal makes hydrogen bonding interactions with the highly conserved residues His44, 
Asn46, and Arg48. The 6¢-OH makes similar interactions with Asn61 and Glu71. Trp68 participates 
in a stacking interaction with the Gal ring carbons and restricts the orientation of the 4¢-OH to the 
axial form. In the GlcNAc moiety of the LacNAc, the 3-OH makes hydrogen bonds with Arg48, 
Glu71, and Arg73. Additional interactions involve a water molecule that bridges the nitrogen of the 
NAc group with His52, Asp54, and Arg73. The latter interactions, present in most galectins-1, may 
explain a fi ve- to eightfold increase in affi nity of LacNAc over lactose (Leffl er et al., 1989; Ahmed 
and Vasta, 1994).

The prototype galectin from B. arenarum resembles the mammalian galectin-1 with respect to 
its carbohydrate-binding profi les and its carbohydrate-binding sequence motif. All nine residues 
responsible for carbohydrate binding, His45, Asn47, Arg49, His53, Asp55, Asn62, Trp69, Glu72, 
and Arg74 are present (Ahmed et al., 1996). The structures of the B. arenarum galectin complexed 
with LacNAc or TDG further support this close similarity (Bianchet et al., 2000). The two galectin 
complexes, one with TDG and one with LacNac, show that the topologically related hydroxyl groups 
of the disaccharides exhibit similar interaction patterns with the protein.
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2.3.3.2 Extended Carbohydrate-Binding Site

Unlike galectin-1, galectin-3 has an extended carbohydrate-binding site. As shown in Figure 2.2A, 
a galectin carbohydrate-binding site is formed by a cleft open at both ends. In this cleft, the LacNAc 
is positioned in such a way that the reducing end of the LacNAc (GlcNAc) is open to solvent, but the 
nonreducing moiety (Gal) is in close proximity to residues in the strand β3. In galectin-3, which 
favors higher affi nity interactions with the GalNAcα(1,3)[Fucα(1,2)] Galβ(1,4)Glc, it was expected 
that residues on β3 interact with the α-linked GalNAc residue. The crystal structure of galectin-3 (Table 2.2) 
reveals that indeed, Arg29 in β3 makes a direct hydrogen bond interaction with the bound oligosaccharide 
(Seetharaman et al., 1998). The extended binding site beyond the nonreducing end of bound galactosides 
has also been observed in the congerin II crystal structure (Shirai et al., 2002; Table 2.2).

2.3.3.3 Variable Carbohydrate-Binding Site

As in most galectins, the carbohydrate-binding cleft is usually formed by three strands β4–β6; the length 
of the loops connecting strands can be a critical factor for determining the carbohydrate-binding 
properties of many galectins. For example, the carbohydrate-binding specifi city of the 16 kDa galectin 
from C. elegans is unique because it interacts with most blood group precursor oligosaccharides [Tα, 
Galβ (1,3)GalNAcα; Tβ, Galβ (1,3)GalNAcβ; type 1, Galβ(1,3)GlcNAc, and type 2, Galβ1,4GlcNAc] 
(Ahmed et al., 2002). A homology model of the C. elegans 16 kDa galectin reveals a shorter loop region 
between strand β4 and β5 of the CRD, which may be responsible for its unique binding profi le. Particu-
larly relevant are the interactions of Glu67 (Asp54 in bovine galectin-1) with the 3(4)-OH (equatorial) 
of GlcNAc [in Gal β(1,3[4])GlcNAc] and that of Glu67 with the 4-OH (axial) of GalNAc (in Gal β(1,3)
GalNAc) due to shortening of the loop (Ahmed et al., 2002). Interaction of the equivalent residue, 
Asp54, with the axial 4-OH of Gal β(1,3)GalNAc is not possible for typical galectins-1 (i.e., those from 
bovine and B. arenarum) because of steric hindrance (Liao et al., 1994; Bianchet et al., 2000).

2.4 F-TYPE LECTINS

Members of this family of fucose-binding proteins have been characterized as immune recognition 
molecules in invertebrates such as the horseshoe crab (Tachypleus tridentatus) (Saito et al., 1997) and 
vertebrates such as the Japanese eel (Anguilla japonica) (Honda et al., 2000) and Xenopus laevis (Seery 
et al., 1993). Homologous domains have been also detected in bacteria, such as Streptococcus pneumo-
niae, probably as consequence of lateral transference of genes (Bianchet et al., 2002; Odom and Vasta, 
2006). F-lectins exhibit a 140-residue module (F-type lectin domain; FLD) showing conservation of two 
motifs: h2DGx, and HX24RXDX4 [R/K] (Figure 2.3), where h stands for a small hydrophobic residue (i.e., Val, 
Ala, or Ile), “x” for a small hydrophilic residue (i.e., Asn, Asp, or Ser) and X for any residue.

As in C-type lectins, similar structural domains have been observed in other proteins such as 
bacterial sialidase (PDB code 1EUT) and fungal galactose oxidase (PDB code 1GOF). In addition, 
FLD folds have been observed in a large family of adhesion proteins such as the C1 and C2 domains 
of the coagulation factors Va (FVa C1/2) and VIII (FVIII) and others from unrelated pathways 
(APC10/DOC1(Wendt et al., 2001) and XRC11), suggesting either convergent evolution or a high 
tolerance for mutations in this fold. Interestingly, the common function of these protein domains is 
to bind specifi c ligands, such as DNA nucleotides, in the case of XRC11, or phospholipids of the 
mammalian cell membrane, in the case of the coagulation factors. Interestingly, FVa and FVIII have 
sequence similarities to members of the discoidin domain family (Baumgartner et al., 1998), most 
of which have been implicated in cell adhesion or developmental processes (Vogel, 1999). Discoidin I 
and II, proteins from the slime mold Dictyostelium discoideum, were initially described as lectins 
with a high affi nity for Gal (Poole et al., 1981). Thus, it is plausible that carbohydrate recognition is 
the ancestral function of this domain, which may have evolved into a phospholipid-binding domain, 
as in the case of the coagulation factors V and VIII.
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2.4.1 THREE-DIMENSIONAL STRUCTURE OF F-TYPE LECTIN

The crystal structure of the complex of Anguilla Anguilla agglutinin (AAA) with α-l-Fuc (Bianchet 
et al., 2002) revealed the fold of this lectin family: an eight-strand β-barrel with jellyroll topology 
(Figure 2.4A). Two short antiparallel strands (β4 and β9) close the barrel at the end opposite to the binding 
site. The N- and C-terminal strands (β1 and β11) protrude 15 Å from this end of the barrel. Five loops 
(CDR1–5) connect the main beta-sheets encircling a positively charged depression where Fuc binds 
(Figure 2.4B). Highly conserved disulfi de bridges (two) and salt bridges (two), together with the bound 
cation clamp the structure together. On the other side of the hollow, CDR4 (Figure 2.4B) has two 
solvent-exposed Cys residues (Cys82 and Cys83) that form a rare disulfi de bridge (between consecu-
tive residues). At one side of the β-barrel, a 310 helix-rich substructure, which includes CDR1 and 
CDR2, tightly binds a cation. A number of structural elements associated with the cation site are 
involved in shaping loops CDR1 and CDR2 of the binding site, stressing the importance of the confor-
mation of these two loops for the extended carbohydrate binding. A disulfi de bridge between Cys50 
and Cys146 links the N-terminus of β11 with the C-terminus of CDR2, and a salt bridge between Arg41 
and Glu149 attaches the loop between η2 and η3 to β11. Both of these interactions hold the cation-
binding substructure against the bulk of the fold. A disulfi de bridge between Cys108 and Cys124 links 
strands β7 and β8, connecting the two main β-sheets. An intrasheet salt bridge between Asp64 and 
Arg131 links the N-terminus of β3 with the C-terminus of β10 (in the front sheet, Figure 2.3A).

The cation is coordinated with seven oxygen atoms from the main chain or side chain of six 
residues: Asn35 (O), Asp38 (Oδ1), Asn40 (O), Ser49 (O, Oγ1), Cys146 (O), and Glu147. Even 
though the Ca2+ site is distant from the carbohydrate-binding site, an enhancement of carbohydrate 
affi nity by calcium addition has been observed in these proteins (Saito et al., 1997). Tachylectin-4, 
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FIGURE 2.3 (See CD for color fi gure.) Sequence alignment of selected F-lectins. Fully conserved residues 
are shown on a magenta background; partially conserved residues are shown in red and cysteine residues are 
shown in green. Arrows indicate residues participating in the metal binding site and stars indicate residues of the 
conserved F-lectin motif. AAA, anguilla anguilla aglutinin (american eel); eFL-1 to 7, isoforms of european eel 
fucolectin; Tach4, tachylectin 4; S.pneum 1-3, Streptococus Pneumoniae; XLPXN-CRD5, Xenopus Laevis pentraxin; 
CG9095 and fw-CRD, D. Megaloganster furrowed-like and furrowed receptor respectively.
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horseshoe-crab F-lectin, shows a fourfold enhancement of its hemagglutination activity for A-type 
erythrocytes upon the addition of Ca2+. This enhancement, which is abolished by EDTA (Saito et al., 
1997), may result from possible changes induced by cation binding of the conformation of the 
contiguous loops CDR1 and CDR2, which are involved in binding of the ligand.

FIGURE 2.4 (See color insert following blank page 170. Also see CD for color fi gure.) Structure of 
F-lectins. (A) Overall structure. The two β-sheets that form the core of the molecule are clearly visible. The 
carbohydrate complementarity determining regions (CDRs) are indicated. (B) Fucose recognition. Residues 
that interact with the fucose ligand are shown and the H-bonds to the sugar indicated. The disulfi de bridge formed 
by two consecutive residues (Cys82 and Cys83) is shown interacting with the hydrophobic portion of the ligand. 
(C) Alignment of the sequences of CDR1 and CDR2 of several F-lectins. Completely conserved residues are 
shown on a magenta background; partially conserved residues are shown in red and cysteines are shown in 
green. (D) Computer model of H type 1 trisaccharide bound to the AAA binding site. The model predicts inter-
actions between the third carbohydrate moiety and the CDR1.
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2.4.2 CARBOHYDRATE-BINDING SITE

AAA recognizes the ring O5 and the equatorial 3- and axial 4-OH groups of the α-Fuc using the 
nitrogen atoms of three conserved residues: Nε of a histidine and the guanidinium groups of two 
arginines (Figure 2.4B). A network of hydrogen bonds maintains this triad of residues in optimal 
positions at the center of the hollow to recognize the axial 4-OH group of the fucose with hydrogen 
bonds in a perfect tetrahedral geometry. In addition, the arginine residues of the triad recognize O5 
and the equatorial 3-OH group of the Fuc. Two hydrophobic patches provide van der Waals contacts 
to the monosaccharide: its ring atoms C1 and C2 rest over a rare disulfi de bridge between consecutive 
cysteine residues and its C6 docks loosely in a hydrophobic pocket, stacking against the rings of 
His27 and Phe45. These residues, together with Leu23 and Tyr46, form the binding pocket.

2.4.2.1 Extended Binding Site

Except for the Drosophila proteins, most of the sequences of Figure 2.3 conserve a fucose-binding 
sequence motif (Figure 2.4) and the size and hydropathic profi le of CRD2 (Figure 2.4C), which forms part 
of the hydrophobic pocket for the Fuc methyl group. The second cation-binding motif (h2DGx) is also 
conserved in these proteins. This motif provides three of the seven oxygen atoms that bind the cation.

Non-eel proteins (in the alignment in Figure 2.3) contain a shorter CDR1, lacking fi ve of the 
residues that form 310-helix η2. This erases the loop protruding-feature observed in AAA, reducing 
or eliminating interactions between CDR1 and the putative oligosaccharide antennae and perhaps 
broadening the specifi city of these fucolectins for Lex oligosaccharides (Bianchet et al., 2002). 
Organisms other than bacteria conserve the cysteines involved in the two interstrand disulfi de bridges 
of AAA (50–146 and 104–128).

European eel serum presents several isoforms of AAA (Horejsi and Kocourek, 1978; Kelly, 1984) 
suggesting a tuning of the FLD to different pathogens. All fucolectins from the Anguilla genus 
shown in Figure 2.3 conserve the binding site triad showing conservation of the histidine and the 
CDR4 sequence. These F-lectins conserve the size of CDR1 and CDR2 (Figure 2.4D), although the 
loops present sequence variations in residues associated with the C6 pocket. The loop CDR1 that is 
in position to interact with other moieties of Fuc-containing oligosaccharides (Figure 2.4D) shows 
the greatest sequence variability. Most eel F-Lectins conserve polar residues at the apex of this loop 
(like Glu 26 and His27 in AAA), probably to make polar interactions with other carbohydrate moi-
eties of the ligand. Also, most eel sequences conserve two aromatic CDR2 residues in the N-terminus 
of η4 (Phe45 and Tyr46 in AAA) that form the pocket for the Fuc methyl group.

2.4.3 ARCHITECTURE AND QUATERNARY STRUCTURE OF F-TYPE LECTINS

From bacteria to vertebrates, several proteins contain one or more FLDs (Honda et al., 2000; 
Bianchet et al., 2002; Odom and Vasta, 2006). The N-terminal domains of the “furrowed” receptor 
and of the protein CG9095 of Drosophila melanogaster (Adams et al., 2000), the horseshoe crab 
tachylectin-4 (Saito et al., 1997), and the N-terminal domain of the Xenopus laevis (Seery et al., 
1993) pentraxin 1 fusion protein are proteins involved in innate immunity that contain FTLD 
domains (Honda et al., 2000). FLDs are observed in chimeras with others domains such as the 
pentraxin-1 of X. laevis, the C-lectin type CRDs and the short CR (Meindl et al., 1995), which 
form complex toll receptors in the Drosophila proteins. Interestingly, in modern fi shes (i.e., zebra 
fi sh, steelhead trout, stickleback, and pufferfi sh), the arrangement is either a duplicate or a qua-
druplicate tandem of FLDs (Odom and Vasta, 2006). Similarly, tandem arrangements are present 
in Xenopus spp., including either triplicate or quintuple concatemers. Clearly, the placement of 
the termini in the FLD favors the formation of concatenated CRD modules in numbers that 
appear lineage related. These tandem arrays may yield chimeric proteins by including pentraxin 
(X. laevis) or C-type domains (D. melanogaster).

7269_C002.indd   247269_C002.indd   24 9/6/2008   2:23:31 PM9/6/2008   2:23:31 PM



Structural Aspects of Lectin–Ligand Interactions  25

AAA is a physiological trimer (Kelly, 1984). Although the crystal structure of AAA shows a 
protomer per asymmetric unit, the crystal belongs to a space group (R32) that includes a threefold 
symmetry. This fact and the area buried by the trimer generated by application of the threefold sug-
gest that the trimer present in the crystal is physiological. Since the function of lectins is to bind 
surface glycans in a multivalent fashion, the proposed trimer of the AAA–fucose complex provides 
the basis for understanding the function of this protein in innate immunity. Similar arrangement of 
protomers has been observed in the crystal structure F-lectin from Stripped Bass (MsFPB2; Bianchet, 
Odom, Amzel, and Vasta, private communication). Fuc-binding sites placed in each FLD of the 
trimer can crosslink Fuc-carrying groups on the surface of a pathogen separated at least 23 Å, about 
half of the distance observed in the MBP trimer (45 Å) (Kogan et al., 1995). Furthermore, the high 
positive charge of the binding site (Figure 2.4B) correlates with the activity against negatively 
charged liposaccharides present in bacterial membranes.

2.5 IG-TYPE LECTINS (SIGLECS)

One unusual, and may be surprising, family of carbohydrate binding proteins are the Ig-type lectins 
(Amzel and Poljak, 1979). The carbohydrate-binding module of Ig-type lectins is a single immu-
noglobulin fold (Ig) domain. Ig domains are the building blocks of the members of the immuno-
globulin superfamily, a large family of proteins that includes antibodies, cellular receptors, and 
cell adhesion molecules. The Ig-fold is a 100–110-residue module comprising 7 (Ig-C domain) or 
9 (Ig-V domain) β-strands arranged in two sheets, connected by loops with a consistent topology. 
A large proportion of Ig-type lectins recognize structures ending in sialic acid and are classifi ed as 
a subfamily called siglectins (sialic acid Ig-superfamily lectins). We will concentrate our discussion 
of Ig-type lectins on the siglec subfamily. (For a comprehensive review of this family, see Varki 
and Angata, 2006.)

Although carbohydrate-recognizing antibodies have been known for a long time (Rovis et al., 
1972; Kabat, 1978; Rao et al., 1984; Borden and Kabat, 1988), the mode of carbohydrate recogni-
tion by Siglecs does not resemble that of antibodies: in antibodies the binding site is between two 
Ig-domains, and in Siglecs is formed by amino acids from a single domain (Alphey et al., 2003; 
Dimasi et al., 2004; Zaccai et al., 2007). Furthermore, while antibodies use the loops connecting the 
strands to interact with the hapten, Siglecs use side chains of residues present on the outside face of 
one of the sheets (Figure 2.5).

All Siglecs are extracellular receptors consisting of one Ig-V domain, followed by a variable 
number (1–16) of Ig-C domains, a transmembrane region consisting of a single transmembrane 
helix, a short cytoplasmic domain, in some cases two or more immunoreceptor tyrosine-based inhib-
itory motifs (ITIMs), [I/V]XYXXL). The Ig-V domain contains the carbohydrate-binding site and 
the ensuing Ig-C domains appear to function as spacers separating the carbohydrate binding site 
from the membrane. The fi rst domain contains several residues that are well-conserved in Siglecs: 
an arginine residue that forms a salt bridge with the carboxyl group of sialic acid, two aromatic resi-
dues (one near the N-terminal and the other after the conserved arginine), and three cysteines, one 
of which forms an unusual interdomain disulfi de bridge with a cysteine in the second Ig domain.

The Ig-V domain of Siglecs has three features that are less common in other Ig-V domains: an 
intrasheet disulfi de bridge formed by two of the three conserved cysteines that links two adjacent 
strands, the interdomain disulfi de mentioned above, and the H-bonding pattern of the last β-strand—it 
is split into two halves in such a way that makes H-bonds with strands in both sheets (Figure 2.5).

The binding site is formed mainly by four side chains (Figure 2.5A). In all cases, the conserved 
arginine makes a doubly H-bonded salt bridge with the carboxylate of the fi rst sialic acid of the 
carbohydrate (Figure 2.5B) and interacts with the two conserved aromatic residues described above 
(Figure 2.5A). In the case of Siglec-7 bound to disialic acid these residues are Arg124, Tyr26, and 
Trp132. Also in Siglec-7 Asn133 is close (3.76 Å) to the fi rst hydroxyl of the glyceryl side chain of 
the second sialic acid.
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Siglecs are expressed in many cell types including macrophages (spleen, lymph nodes, and bone 
marrow), B-cells, myeloid cells, Schwan cells, granulocytes, and monocytes (Brewer and Dam, 
1999). Specifi c types of Siglecs are expressed in each of the tissues. In all cases in which it was 
studied, Siglecs are part of a signaling system that reports to the cells involved in a structure con-
taining the appropriate carbohydrate has been recognized by the lectin. In many cases, the signal may 
be mediated by cytosolic structures of the Siglecs that carry the ITIM. The ITIM is found not only in 
Siglecs but also in several receptors that modulate activation signals in lymphocytes. The motif functions 
by recruiting the inhibitory phosphatases SHP-1, SHP-2, and SHIP that carry one or more SH2 
domains that preferentially bind the phosphorylated tyrosines in the ITIM.

2.6 P-TYPE LECTINS

Lysosomal enzymes (LE) carry out the fi nal degradation of most cellular macromolecules. They are 
synthesized on membrane-bound ribosomes in the endoplasmic reticulum (ER). As many other 
newly synthesized proteins, LEs travel the ER-Golgi pathway. Obviously, these enzymes must be 
segregated away from all other glycoproteins and selectively delivered to the lysosomes. Mannose 
6-phosphate (Man-6-P) residues in N-linked oligosaccharides of the newly synthesized LE give the 
signal to direct them to the right organelle. Recognition of these residues is carried out by two receptors 
in the trans-Golgi network: the cation-dependent Man-6-P receptor (MW: 45 kDa) and the insulin-like 
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Disialic acid

Arg124Trp132

Arg124Asn133
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Tyr126

Tyr126
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FIGURE 2.5 (See color insert following blank page 170. Also see CD for color fi gure.) Structure of 
Siglec-7 (PDB Accession 2HRL). (A) Overall structure. Structure of Selectin-7 showing the two β-sheets and the 
location of the carbohydrate binding site. Only the disialic portion of the ligand is shown. The bottom strand 
forms H-bonds with strands in both sheets. The long loop, containing the short helix, shown on the right is not 
a general feature present in all Siglecs. (B) Disialic acid binding by Siglec-7. Residues that interact with the 
ligand, Arg124, Tyr26, Trp132, and Asn133, are shown in purple. (C) Carboxylate recognition by Siglec-7. The 
fi gure is similar to (B), but it is rotated clockwise to show the recognition of the carboxylate of the fi rst sialic acid 
by the lectin: Arg124 makes a double H-bonded salt bridge to the negatively charged group of the sugar.
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growth factor II (MW: 275 kDa; also called cation-independent Man-6-P receptor) (von Figura and 
Hasilik, 1986; Hasilik, 1992). Together these receptors constitute the P-lectin family (Drickamer 
and Taylor, 1993). The elucidation of the pathway mediated by these lectins was the fi rst connection 
between glycoprotein biosynthesis and human diseases.

2.6.1 THREE-DIMENSIONAL STRUCTURE OF P-TYPE LECTINS

The crystal structure of the complex with Man-6-P and Mn2+ 155 residue-N-terminal region of 
CD-MPR was used to defi ne the folds of the P-lectin CRD (Roberts et al., 1998). Recently, the 
N-terminal 432-residue region of the CI-MPR, encompassing domains 1–3, was determined in the 
presence of bound mannose 6-phosphate (Olson et al., 2004). The CI-MPR receptor contains two 
high-affi nity carbohydrate recognition sites within its 15-domain extracytoplasmic region, with 
essential residues for carbohydrate recognition located in domains 3 and 9. Expression of 
truncated forms of the receptor demonstrated domain 9 alone maintain nanomolar affi nity for 
Man-6-P, whereas domain 3 alone resulted in a protein with three orders of magnitude lower affi nity 
toward a LE.

2.6.2 MAN-6-P BINDING SITE

Similar interactions between protein and Man-6-P are observed in the CD- and in the IGF-II/CI-MPR. 
The binding site is located in the cleft between the two β-sheets (Figure 2.6A). Centered in cleft, the 
Man residue is recognized by several interactions with the protein. Arg111 and Tyr143 (CD-MPR 
numbering) from the fi ve-strand sheet recognize the important 2-OH group of the Man-6-P. Glu133 
and Arg135 form a hydrogen bond with the equatorial 4-OH group. Glu133, Tyr143, and Gln66 form 
hydrogen bonds with the equatorial 3-OH group (Figure 2.6B). The axial 1-OH of the α-Man residue 
forms a hydrogen bond with Tyr45. No apolar interactions with the carbohydrate are observed. The 
phosphate is tightly recognized, mainly by the loop between β6 and β7 of the wider sheet. Five nitrogen 
atoms from residues 103–105, three from main chain atoms and two from side-chain atoms are at 
hydrogen-bonding distance from a phosphate oxygen atom. Nδ of His105 together with Asn104 Nδ2 
one each makes hydrogen bonds to two oxygen atoms of the phosphate. His105 is the candidate to 
provide pH-dependence, required to release the LE in the lower pH of the prelysosomal compartment. 
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FIGURE 2.6 (See CD for color fi gure.) Structure of P-lectins. (A) Overall structure. The P-lectin dimer is 
shown with the twofold axis approximately parallel to the plane of the drawing. The ligand binding site is 
found between the two sheets of each monomer. (B) Binding of mannose-5-phosphate by P-lectin. The binding 
site is shown as a transparent surface. The groups interacting with the ligand are visible through the surface. 
It is interesting to note that the groups interacting with the phosphate are all part of the main chain.
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The Mn2+ (Figure 2.6A) binds near the N-terminus of the loop between β6 and β7 (103–105) close to 
the phosphate residue. The manganese atom location suggests that the shorter loop in IGF-II/CI-MPR 
may explain its cation independence (Rini and Lobsanov, 1999) although the observed distances in the 
crystal structure seems to be longer than the typical Mn–O distance of 2.2 Å (Harding, 2006).

2.6.3 ARCHITECTURE AND QUATERNARY STRUCTURE OF P-TYPE LECTINS

The CD- and IGF-II/CI-MPR are membrane-bound proteins. CD-MPR has only one N-terminal 
CRD and a transmembrane domain. The CRD used in the crystallographic studies is a dimer in 
solution and in the crystal a large apolar interface area with 1550 Å2 per monomer is buried (Rini et al., 
1999), suggesting a dimer. The architecture of the extracytoplasmic region of the CI-M6P receptor 
is a 15-domain structure. Two of these domains, 3 and 9, have the essential residues for carbohydrate 
recognition (Olson et al., 2004).

2.7 CONCLUSION AND FUTURE DIRECTIONS

The diversity of protein glycosylation, early thought to be paradoxical, is now known to be 
consistent with the increasing number of functions being discovered for these protein modifi ca-
tions. Structural studies of the interactions between lectins and oligosaccharides are providing 
keys for the deciphering of 1.44 × 1015 glycome code (compare this number with 67 × 106 
peptides or 5 × 103 nucleotides that may be generated with six or fewer monomers) (Laine 
1994). The ongoing structural work in animal lectins has blossomed as a dynamic fi eld with the 
identifi cation of new lectin-encoding genes and subsequent structural studies, which fi lled gaps 
in the old lectin families and contributed to the identifi cation of new ones. Several lectin fami-
lies have members displaying mutimeric tandem arrangements of domains. However under-
standing the function of this gene-encoded multiplicity is still in an early stage of development 
and represents one of the many challenges in the fi eld.
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3.1 INTRODUCTION

Many biological ligands possess clustered epitopes that bind to specifi c receptor molecules. However, 
the effects of clustered epitopes on ligand–receptor interactions are not well understood. For example, 
Equation 3.1 illustrates binding of monovalent ligand L to a receptor R. Their interactions can be 
described by affi nity constant Ka in Equation 3.2:

 [L] [R] [LR]�+  (3.1)
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 a [LR]/[L][R]K =  (3.2)

Binding of tetravalent ligand L4 to receptor R is more complicated. In this case, L is covalently 
clustered into four epitopes (L4), with each epitope of L4 binding an individual R molecule (no 
steric effects). Historically, the binding of L4 to R is often described by a single inhibition or 
binding constant. However, binding of L4 to R cannot be described by Equation 3.1 since four 
molecules of R bind to one molecule of L4. Therefore, a single binding constant such as that in 
Equation 3.2 is not correct. Instead, binding of L4 to R must be minimally written as the four 
microequilibria below:

 
 [L4] [R] [L4R]�+

 
(3.3)

  [L4R] [R] [L4R2]�+  (3.4)

  [L4R2] [R] [L4R3]�+  (3.5)

 
[L4R3] [R] [L4R4]�+

 
(3.6)

It follows that there are four microequilibrium binding constants, Ka1, Ka2, Ka3, and Ka4, associated 
with microequilibria Equations 3.3, 3.4, 3.5, and 3.6, respectively. Until recently, the presence of 
these microequilibria for multivalent ligand–receptor interactions have not been widely described 
(cf. [1]), nor has the range of values for the microaffi nity constants, Ka1, Ka2, Ka3, and Ka4, in the 
present example, been estimated or determined.

This chapter will review recent findings on the binding of multivalent (clustered) 
 carbohydrates and glycoproteins to lectins including galectins in the field of glycobiology. 
We will show how such microequilibria are detected and what is the range of microaffinity 
 constants for a given multivalent ligand. The results have important implications for not only 
the binding of clustered carbohydrates to lectins, but also for clustered ligand–receptor 
 interactions  throughout biology.

3.2  DETECTION OF MICROEQUILIBRIA IN THE BINDING 
OF MULTIVALENT CARBOHYDRATES TO LECTINS

Hill plots have been recently used to detect the presence of microequilibria in the binding of multiva-
lent carbohydrates [2] and a glycoprotein [3] to lectins. Traditionally, the Hill plot, in which log 
{concentration of free ligand} is plotted versus log {fraction of bound protein}/{fraction of free protein} 
has been used to investigate positive or negative cooperativity in the binding of monovalent ligands to 
multisubunit proteins in which subunit–subunit interactions in the latter are responsible for the coopera-
tivity effects (cf. [4,5]). A linear Hill plot with a slope of 1.0 indicates no binding cooperativity. Hill plots 
with slopes greater than 1.0 indicate positive cooperativity and slopes less than 1.0 negative cooperativ-
ity. The Hill plot also has the advantage of assigning numerical values to the degree of cooperativity and 
a logarithmic representation that allows plotting of all obtainable data unlike double reciprocal or half-
reciprocal plots that may have open upper limits on the abscissa and ordinate [6].

Recently, Hill plots have been used to investigate the binding of synthetic multivalent  analogs 
2, 3 and 4 in Figure 3.1 to the Man-specifi c lectins concanavalin A (ConA) and Dioclea grandi-
fl ora lectin (DGL) [2]. Trimannoside 1 in Figure 3.1 binds to both lectins as a monovalent ligand 
[7]. 2, 3, and 4 are di-, tri- and tetravalent structural analogs of 1, respectively, and thus examples 
of clustered epitopes in the glycosides. Using isothermal titration calorimetry (ITC), 2, 3, and 4 
were shown to have 6-, 11- and 35-fold greater observed affi nity constants, respectively, for 
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FIGURE 3.1 Structures of trimannoside 1, and di-, tri-, and tetraantennary analogs 2, 3, and 4, respectively.
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FIGURE 3.2 Hill plots of the ITC data for analogs 2–4 binding to ConA (20 mM). The concentration of 2 
was 650 mM, 3 was 670 mM, and 4 was 240 mM. Hill plots were constructed by plotting log {Y(i)/1−Y(i)} versus 
log {Xf(i)} where Y(i) is {Xb(i)} × (functional valency of ligand)/Mt(i), which is a modifi ed version of the Hill 
plot that takes into account the functional valency of the ligand. Xb(i) and Xf(i) are the fraction of ligand bound 
and free, respectively, after the ith injection. (From Di Cera, E., Thermodynamic Theory of Site-Specifi c Bind-
ing Processes in Biological Macromolecules, Cambridge University Press, New York, 1995.) The functional 
valencies of 2 and 3 are two, and the functional valency of 4 is four, as determined from ITC derived n values. 
(From Dam, T.K., Roy, R., Das, S.K., Oscarson, S., and Brewer, C.F., J. Biol. Chem., 275, 14223, 2000.)

FIGURE 3.3 Tangent slopes of progressive three point intervals of the Hill plot for analog 4 with ConA.
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binding with ConA, and 5-, 8- and 53-fold greater observed affi nities constants, respectively, 
for binding with DGL. Details of the thermodynamic binding data can be found in the original 
 publication [7].

Hill plots of the raw ITC data for the binding of 2, 3, and 4 to ConA are shown in Figure 3.2 
[2]. Hill plots for the binding of the analogs to DGL were similar to those observed for ConA [2]. 
Curvilinear plots are observed in Figure 3.2, indicating increasing negative  cooperativity for all 
three analogs binding to both ConA as well as DGL. The tangent slopes of progressive three-
point intervals of the Hill plot for analog 4 binding to ConA is shown in Figure 3.3, and a bar 
graph of the three-point tangent slopes of the Hill plots of analogs 2–4 binding to ConA are 
shown in Figure 3.4. Importantly, Hill plots of the binding of monovalent analog 1 to both lectins 
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show linear plots with slopes close to 1.0 (not shown). Thus, the increasing negative cooperativity 
observed in the Hill plots is due to the multivalent  carbohydrates and not lectins.

3.3  PHYSICAL BASIS FOR THE INCREASING NEGATIVE COOPERATIVITY 
OF ANALOGS 2–4 BINDING TO ConA AND DGL

The physical basis for the increasing negative cooperativity of multivalent carbohydrates 2–4 
binding to ConA and DGL is attributed to the decreasing functional valence of the  carbohydrates 
upon progressive binding of their multiple epitopes [2]. This is shown in Scheme 3.1 for 
 binding of tetraantennary analog 4 to ConA. Scheme 3.1 shows the  microequilibria constants 
for 4 as it sequentially binds one, two, three, and four molecules of ConA (or DGL). (Scheme 
3.1 is equivalent to Equations 3.3 through 3.6.) The functional valence of unbound 4 (species 
A) is tetravalent, the functional valence of 4 with one bound lectin molecule (species B) is 
trivalent, the functional valence of 4 with two bound lectin molecules (species C) is divalent, 
and the functional valence of 4 with three bound lectin molecules (species D) is monovalent. 
The increasingly curvilinear Hill plots for 4 binding to ConA (Figure 3.2) and DGL are 
consistent with the decreasing valence and increasing negative binding cooperativity of 4 with 
increasing sequential occupancy of the four epitopes of the analog. The same is true for 
analogs 2 and 3 with ConA and DGL, respectively. The decreasing observed (macroaffinity) 
constants of 4, 3, and 2 for ConA and DGL obtained by ITC measurements support these conclu-
sions [7]. Hence, it is expected that the microaffinity constants in Scheme 3.1 for 4 binding 
to ConA and [7] DGL have relative values such that Ka1 > Ka2 > Ka3 > Ka4. Thus, the presence 
of this decreasing range of microaffinity constants associated with the four epitopes of 4 is 
consistent with the increasing negative cooperativity observed in the Hill plots of 4 with 
both lectins.

FIGURE 3.4 Bar graphs of the three-point tangent slopes of the ITC data Hill plots of analogs 2–4 binding to ConA.
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3.4  RANGE OF MICROSCOPIC AFFINITY CONSTANTS FOR MULTIVALENT 
CARBOHYDRATES BINDING TO ConA AND DGL

Based on Scheme 3.1, Equation 3.7 was derived to describe the relationship between the observed 
macroscopic free energy of binding and the microscopic free energies of binding of the various 
epitopes of a multivalent carbohydrate binding to a lectin [2]:

 1 (obs) { }/…
nG G G n∆ = ∆ + +∆  (3.7)

Equation 3.7 states that the observed macroscopic ∆G value (∆G(obs)) of a multivalent  carbohydrate is 
the average of the microscopic ∆G(∆Gn) values of the individual epitopes, where n is the number of 
epitopes [2]. This equation correctly estimates the difference in microscopic ∆G values of the two epitopes 
of divalent analog 2 binding to ConA [8]. In this case, Equation 3.8 for the divalent carbohydrate

 1 2 (obs) { }/ 2G G G∆ = ∆ +∆  (3.8)

shows that ∆G(obs) from a normal ITC experiment allows calculation of ∆G1, the fi rst epitope of 
the divalent carbohydrate, assuming that ∆G2 for the second epitope is the same as that of a 
 monovalent ligand. This latter assumption was shown to be true from a reverse ITC experiment that 

= Tetraantennary analog 4

= ConA or DGL

Ka1 > Ka2 > Ka3 > Ka4

+
Ka1

Ka2

Ka3

Ka4

A

+

B

+

C

+

ED

SCHEME 3.1
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allows direct determination of ∆G1 and ∆G2 [8]. The difference between ∆G1 and ∆G2 calculated 
from Equation 3.8 using ∆G(obs) from a normal ITC experiment agreed well with that determined 
from the reverse ITC [8].

Equation 3.7 can also be used to estimate the spread in microscopic ∆G values for the tri- and 
tetraantennary carbohydrates that bind to ConA and DGL. Equation 3.9 describes the relationship 
between the macroscopic ∆G(obs) and four microscopic ∆G values for binding of the tetraantennary 
analog 4 to DGL:

 1 2 3 4(obs) { }/4G G G G G∆ = ∆ +∆ +∆ +∆  (3.9)

∆G1 in Equation 3.9 is associated with the binding of the fi rst carbohydrate epitope of tetraantennary 
analog 4, ∆G2 with the second carbohydrate epitope, ∆G3 with the third carbohydrate epitope, 
and ∆G4 with the fourth epitope. The macroscopic ∆G(obs) for binding of the 4 to DGL is 
−10.6 kcal/mol [7], while ∆G4 in Equation 3.9 can be taken as the ∆G(obs) for binding monovalent 
analog 1 (Figure 3.1) to DGL, which is −8.3 kcal/mol [7]. Since ∆G(obs) is the average of the four 
 microscopic ∆G values, then

 1 4(obs) (obs)G G G G∆ −∆ =∆ −∆  (3.10)

assuming that ∆G(obs) – ∆G2 ~ ∆G3 – ∆G(obs) (i.e., there is a symmetrical distribution of  microscopic 
∆G values on either side of ∆G(obs) ). The numerical value of ∆G1 calculated from Equation 3.10 
is −12.9 kcal/mol, which is 4.6 kcal/mol greater than ∆G4. This difference between ∆G1 and ∆G4 
translates to a difference in microscopic Ka values, Ka1 and Ka4, of approximately 2800. In absolute 
terms, Ka1 is approximately 0.3 nM while Ka4 is approximately 0.8 µM. Thus, the microscopic Ka1 
of the fi rst unbound epitope of tetraantennary analog 4 binding to DGL is 2800-fold greater than 
Ka4 for binding of the fourth epitope. For 4 binding to ConA, this difference between Ka1 and Ka4 is 
nearly 1200-fold [7]. This indicates a decreasing gradient of microscopic binding constants of the 
four epitopes of 4 binding to ConA and DGL. These differences have been postulated to be due to 
kinetic effects on the off-rates of the various fractionally bound complexes of the multivalent 
carbohydrates [7].

3.5  DETECTION OF MICROEQUILIBRIA IN THE BINDING OF 
ASIALOFETUIN, A MULTIVALENT GLYCOPROTEIN, TO GALECTINS

Negative cooperativity has also recently been shown in the ITC data of asialofetuin (ASF), a 
 naturally occurring 48 kDa glycoprotein that possesses nine N-acetyl-d-lactosamine (LacNAc) epitopes 
(Figure 3.5), binding to  galectins-1, -2, -3, -4, -5, and -7, and truncated, monomer versions of 
galectins-3 and -5, which are members of a family of β-Gal-specifi c animal lectins [3]. The observed 
Ka values for ASF binding to the galectins and two truncated forms are 50- to 80-fold greater than 
that of LacNAc, a  monovalent ligand. Since galectins-1 and -7 have been shown by sedimentation 
velocity and equilibrium data to be dimers in solution [9], and galectin-3 and its truncated version 
to be predominantly monomers in solution [9], the similarity of Ka values for galectins-1, -3, 
and -7 together with truncated galectins-3 and -5 indicate that the observed Ka values for ASF are 
independent of the quaternary structures of the galectins. Sedimentation data for galectins-4 and -5 
have not been reported. However, galectin-5 is observed to agglutinate rat erythrocytes [10], 
suggesting that it may oligomerize in the presence of certain carbohydrate ligands. However, it is 
a monomer as determined by mass spectrometry [11,12] and gel fi ltration [10].

Bovine galectin-1 [13] as well as avian liver galectin-1 [14] bind and precipitate with ASF in 
solution. The stoichiometry of the precipitation complexes is 9:1 galectin/ASF under conditions of 
excess galectin-1, and 3:1 galectin/ASF with increasing ASF concentrations. The 9:1 galectin/ASF 
cross-linked complex is consistent with binding of galectin-1 to all nine LacNAc epitopes of ASF in 
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the cross-linked complexes [13,14]. The ITC-derived n values of ASF binding to galectins-1, -2, -3, 
-4, -5, and -7, as well as truncated galectins-3 and -5, in the ITC experiments are all close to 0.1 [3], 
which are consistent with binding of all nine LacNAc epitopes of ASF to the galectins in the ITC 
experiments.

Hill plots of the raw ITC data for LacNAc binding to galectins-1, -2, -3, -4, -5, and -7 as well as 
truncated galectins-3 and -5 are straight lines with slopes close to 0.93 [3]. These values are close to 
a value of 1.0 for noncooperative binding interactions [4,5], indicating that the galectins do not 
undergo cooperative binding interactions with the monovalent disaccharide.

The Hill plot of the ITC data for ASF binding to galectin-3 is shown in Figure 3.6 (open squares) 
[3]. The plot is curvilinear rather than linear and disposed around the zero point on the ordinate, as 
observed for monovalent LacNAc, after correction for the functional valence of ASF. The tangent 
slopes of progressive three-point intervals of the x-axis of the Hill plot for ASF is shown in Figure 
3.7, which shows decreasing tangent slopes along the binding curve. Figure 3.8 shows a bar graph 
comparison of the three-point tangent slopes of ASF binding to galectin-3. The initial tangent slope 
value is close to 1.0; the fi nal tangent slope value is approximately 0.15. These results show  increasing 
negative cooperativity with increasing binding of ASF to galectin-3.

The Hill plot of the ITC data for ASF binding to truncated galectin-3 is shown in Figure 3.6 
(closed circles) [3]. The plot is also curvilinear and disposed around the zero point on the ordinate. 
Figure 3.8 shows a bar graph comparison of the three-point tangent slopes of ASF binding to 
 truncated galectin-3. The initial tangent slope value is close to 1.0; the fi nal tangent slope value is 
approximately 0.20. These results show increasing negative cooperativity with increasing binding of 
ASF to truncated galectin-3.

Hill plots similar to those for binding of ASF to galectin-3 and truncated galectin-3 were 
observed for ASF binding to galectins-1, -2, -4, -5, and -7 as well as truncated galectin-5 were also 
observed (not shown) [3]. These results indicate that increasing negative cooperativity occurs for 
ASF binding to all of the above galectins that represent all three subfamilies of galectins.  Furthermore, 
the negative cooperativity is not due to the quaternary structures of the galectins since dimeric 
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FIGURE 3.5 Schematic representation of ASF and its asparagine (N-) linked triantennary carbohydrate 
chain found at three positions on ASF.
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FIGURE 3.6 Hill plots of ITC data for ASF (330  µM) binding to human galectin-3 (34  µM) and ASF 
(640  µM) binding to truncated galectin-3 (45  µM). Plot defi nitions are given in the legend of Figure 3.2. The 
functional valency of ASF for the galectins is nine as determined by ITC. (From Dam, T.K., Gabius, H.-J., 
Andre, S., Kaltner, H., Lensch, M., and Brewer, C.F., Biochemistry, 44, 13564, 2005.)
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FIGURE 3.7 Tangent slopes of progressive three-point intervals of the Hill plot for ASF with human galectin-3.
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 galectins such as galectins-1, -2, and -7 show similar results as found for monomeric galectins 
including galectin-3 and truncated galectins-3 and -5.

3.6  PHYSICAL BASIS OF THE NEGATIVITY COOPERATIVITY 
OF ASF BINDING TO THE GALECTINS

The physical basis of the negativity binding cooperativity of ASF to the galectins appears to be 
 similar to that observed for the binding of the di-, tri-, and tetraantennary carbohydrates (2, 3, and 4) 
in Figure 3.1 to ConA and DGL [2]. The increasing negative cooperativity observed in the present 
study is due to the reduction in functional valence of ASF as it binds an increasing number of 
 galectin molecules. Scheme 3.2 shows the various microequilibria constants for ASF as it  sequentially 
binds one, two, and up to nine molecules of a galectin. Unbound ASF is functionally nonavalent, 
with subsequent reductions in its valence with further binding of galectin molecules until the ninth 
galectin molecule binds to a functionally monovalent ASF molecule. The increasingly curvilinear 
Hill plots in Figure 3.6 for ASF binding to galectin-3 and its truncated form, respectively, are 
 consistent with the decreasing functional valence of ASF with increasing binding of galectin 
 molecules. The same is true for ASF binding to the other galectins.

Another physical factor that was suggested to play a role in the curvilinear Hill plots of 2, 3, and 
4 binding to ConA and DGL [7] was the formation of noncovalent cross-linked complexes between 
lectin molecules and the carbohydrates. However, the present study shows that ASF possesses 
 essentially the same degree of negative binding cooperativity with truncated galectins-3 and -5 as 
the full-length molecules. Since truncated galectin-3 has been shown to be a monomer in solution 
[9], and truncated galectin-5 is expected to be a monomer, their negative binding cooperativity with 

FIGURE 3.8 Bar graphs of the three-point tangent slopes of the ITC data Hill plots of ASF binding to galec-
tin-3 and truncated galectin-3.
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ASF is consistent with the reduction in functional valence of ASF upon binding of the carbohydrate 
recognition domains (CRDs) of these galectins. Hence, the formation of noncovalent cross-linked 
complexes between ASF and multisubunit galectins such as galectins-1, -2, and -7 does not appear 
to signifi cantly contribute to their observed negative binding cooperativity.

3.7  RANGE OF MICROSCOPIC Ka VALUES FOR ASF 
BINDING TO THE GALECTINS

The observed Ka values for ASF binding to the galectins are the average of the microscopic binding 
free energy terms (−∆G) of the different epitopes of ASF. Hence, Equation 3.3 can be written as 
Equation 3.7 for ASF binding to the galectins, in which there are nine microscopic ∆G values 
 representing the nine microequilibria as shown in Scheme 3.2.

 ∆G(obs) = {∆G1 + ∆G2 + . . . + ∆G9}/9 (3.7)

The nine microequilibrium constants of ASF are represented by Ka1, Ka2, .… and Ka9 for binding of 
the fi rst LacNAc epitope of ASF, the second epitope of ASF, and the last unbound LacNAc epitope 

Ka1 > Ka2 > Ka3 > Ka4 > Ka5 > Ka6 > Ka7 > Ka8 > Ka9

=  Asialofetuin

=  Galectin

ASF

+

+

ASF
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SCHEME 3.2
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of ASF to a galectin molecule, respectively. Hence, the observed ∆G values (∆G(obs) ) of ASF for 
the galectins are the average of the nine microscopic ∆G terms as shown in Equation 3.7 for each 
galectin. The relative values of ∆G1, ∆G2, …, ∆G9 decrease based on the decreasing microscopic 
∆G values of the epitopes of multivalent analogs with decreasing functional valencies, as observed 
for multivalent carbohydrates binding to ConA and DGL [7]. In kinetic terms, the microscopic 
 off-rate (k−1) for Ka1 in Scheme 3.2 (Ka1 = k1/k−1) would be expected to be slower than the  microscopic 
 off-rate for Ka2, etc. due to binding and recapture of the fi rst bound galectin molecule by the 
 remaining unbound LacNAc residues of ASF before full dissociation of the complex. Since the 
ITC-derived ∆G(obs) value is the average of the nine microscopic ∆G values in Equation 3.7, and 
assuming that there is a symmetrical distribution of decreasing microscopic ∆G values on either side 
of the average ∆G value (that is, ∆G8–∆G7 ~ ∆G3–∆G2, etc.), then the value of ∆G(obs) is nearly equal 
to ∆G5 in Equation 3.7. It follows then that if ∆G9, which represents binding of the last free epitope of 
ASF to a galectin, is nearly equal to ∆G for LacNAc binding to a galectin, then the difference between 
∆G(obs) and ∆G9 is half the difference between ∆G1 and ∆G9. Thus, the 2.8 kcal/mol increase in ∆G(obs) 
for ASF binding to galectin-3 versus ∆G for LacNAc binding [3]  indicates that the  difference between 
∆G1 and ∆G9 for ASF binding to galectin-3 is ∼5.6 kcal/mol. Since 2.8 kcal/mol is a 78-fold increase in 
affi nity of ASF for galectin-3 over LacNAc, the  difference in affi nity of the fi rst unbound LacNAc 
epitope of ASF for galectin-3 is 78 × 78 or ~6000-fold increase in affi nity over LacNAc, with a 
decreasing gradient of affi nities down to that of LacNAc for the last (9th) unbound epitope of ASF.

Using the same data analysis, the estimated increase in affi nity of the fi rst unbound LacNAc 
epitope of ASF for truncated galectin-3 versus LacNAc is nearly 3000-fold, demonstrating that the 
truncated monomeric form of the galectin also shows similar enhanced affi nities for the fi rst unbound 
epitope of ASF. In fact, all of the galectins including truncated galectin-5 show Ka(obs) values that 
are 50 to 78-fold greater than that of LacNAc for the respective galectin [3]. This indicates that the 
fi rst unbound epitope of ASF binds to all of the galectins with between 3000- and 6000-fold higher 
affi nity than LacNAc and the last unbound epitope of ASF, and therefore, that there is a gradient of 
decreasing affi nities for the remaining epitopes of ASF for all of the galectins. In terms of numerical 
affi nity constants, a 6000-fold increase in affi nity of galectin-3 for the fi rst unbound epitope of ASF 
is equivalent to a 10 nM affi nity constant using the Ka value for LacNAc as an estimate for Ka9 in 
Scheme 2. This estimated range of nM affi nity constants for Ka1 is typical for all of the galectins 
binding to the fi rst unbound epitope of ASF.

It is important to point out that the above estimates of the range of  affi nity constants for ASF 
binding to the galectins depends, in part, on the assumed affi nity of the galectins binding to the last 
unbound epitope of ASF. In the above calculations, that affi nity constant was estimated to be simi-
lar to that of the corresponding monovalent ligand, LacNAc. However, if the affi nity of binding the 
galectins to the last unbound epitope of ASF is lower than LacNAc due to steric crowding or other 
mechanisms, then the estimated range of enhanced affi nities sites on ASF (the fi rst unbound 
LacNAc epitopes) would be even greater. Likewise, a nonsymmetrical distribution of decreasing 
binding constants associated with the nine LacNAc epitopes of ASF would also affect the range of 
estimated affi nity constants for the epitopes. Nevertheless, a large range of decreasing microaffi n-
ity constants exists for the nine epitopes of ASF binding to the galectins, and the estimates for this 
range in the present study are reasonable given the assumptions for such calculations.

3.8  IMPLICATIONS OF LARGE GRADIENTS OF MICROSCOPIC 
AFFINITY CONSTANTS OF MULTIVALENT CARBOHYDRATES 
AND GLYCOPROTEINS FOR LECTINS INCLUDING GALECTINS

The observation that tetravalent carbohydrate analog 4 and nonavalent ASF bind to different lectins 
with a similar range of microaffi nity constants has important implications in glycobiology.  Tetravalent 
analog 4 binds to DGL with an estimated microaffi nity constant for its fi rst epitope that is nearly 
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3000-fold greater than its fourth epitope. This can be compared to the estimated microaffi nity 
 constant of the fi rst epitope of nonavalent ASF binding to the galectins that is 3000- to 6000-fold 
greater than the ninth epitope of ASF [3]. Hence, it appears that a maximum increase in  microaffi nity 
constants is approached with approximately four epitopes of a multivalent carbohydrate binding to 
lectins. This will have to be tested systematically with higher carbohydrate valence analogs to DGL 
and lower valence analogs to the galectins. However, these fi ndings may have general implications 
for the design of multivalent carbohydrate inhibitors for lectins.

The higher valency of ASF compared to tetravalent analog 4 also has important implications for 
the cross-linking activities of lectins to multivalent glycoprotein receptors [3]. Lectin-mediated 
cross-linking of glycoprotein receptors on the surface of cells is often associated with signal 
 transduction effects including apoptosis [15]. For example, many galectins including galectin-1 are 
associated with proapoptotic activities i  n cells [16]. The presence of a gradient of microaffi nity 
constants on glycoprotein receptors such as ASF would result in relatively low concentrations of 
galectins binding to only a few high-affi nity sites on the receptors. In fact, as few as three galectin-1 
molecules bound to ASF lead to homogeneous cross-linking of the molecules into large insoluble 
aggregates [17]. This contrasts with the requirement of binding to nearly all of the epitopes of lower 
valence molecules such as bi-, tri-, and tetravalent carbohydrates (2–4 in Figure 3.1) for  cross-linking, 
which requires much higher concentrations of lectins to occupy the higher and lower affi nity epitopes 
in such molecules (cf. [8]).

In this regard, CD43 is one of several galectin-1 counter receptors on the surface of T cells [18], 
and possesses approximately 80 serine/threonine (O-) linked chains with terminal LacNAc epitopes 
[19]. Thus, CD43 is expected to possess a large gradient of microscopic binding constants for 
galectin-1 as well as other galectins. Only a fraction off high-affi nity epitopes on CD43 may need to 
be bound by galectin-1 in order to cross-link the receptor and induce apoptosis in susceptible T cells 
[18]. Furthermore, binding and cross-linking of glycoprotein receptors like CD43, which may possess 
individual affi nity sites on each glycoprotein of ~10 nM on the surface of a cell by a dimeric galectin 
such as galectin-1 would result in an overall avidity of the galectin-1 of ~1016 M. Hence, cross-linking 
by a dimeric galectin would be essentially irreversible under these conditions. Glycoprotein receptors 
with relatively few carbohydrate chains and hence lower valency would be expected to form less 
stable cross-linked complexes with galectins. Regulating the total carbohydrate valence of a glyco-
protein receptor may infl uence its cross-linking activities with lectins and hence its biological 
activities including receptor cycling kinetics and cell surface receptor density.

The present observations also apply to other types of lectins interacting with clustered glycan 
receptors. Fractional high-affi nity binding of lectins to multivalent receptors could lead to supra-
molecular assemblies of homogeneous cross-linked receptors [20] or heterogeneous cross-linked 
receptors [21]. Such assemblies, in turn, can trigger cell surface signal transduction mechanisms 
similar to those observed for galectin-1 on susceptible T cells [16].

3.9 IMPLICATIONS FOR OTHER MULTIVALENT BINDING SYSTEMS

In general, the exclusive use of macroscopic binding parameters such as observed affi nity or 
inhibition constants to describe binding of a multivalent ligand to a receptor fails to reveal the 
underlying binding cooperativity and range of microscopic affi nity constants of the interactions. 
This is important since at low concentrations a multivalent ligand is expected to bind more 
tightly to a receptor than predicted by its macroscopic affi nity constant. For example, tetravalent 
analog 4 binds to DGL with a macroscopic affi nity constant that is 50-fold greater than that of 
the corresponding monovalent analog (cf. [7]). However, the microaffi nity constant of the fi rst 
epitope of 4 is estimated to be nearly 60-fold greater than its macroscopic affi nity constant. 
These observations suggest that multivalent analogs of drugs with specifi c target receptors 
including enzymes may possess enhanced activities at lower concentrations than predicted by 
their macroscopic affi nity or inhibition constants.
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The present fi ndings are also relevant to other types of biological molecules with clustered 
epitopes and binding domains. These include cell adhesion molecules such as the integrins and 
cadherens (cf. [22]), and molecules that function in immunity including the so-called immunological 
synapse of the T cell receptor [23] and antigen–antibody interactions [24]. Multifunctional proteins 
including extracellular matrix proteins with repeat domains are also candidates for enhanced 
microaffi nity gradients with specifi c ligands or counter-receptors [25]. Glycosaminoglycans with 
clustered carbohydrate epitopes may also possess enhanced microaffi nity gradients toward lectin-like 
molecules including growth factors [26]. Interestingly, mucins like CD43, a counter receptor for 
galectin-1, would also be included in these effects.

The so-called “spare receptors” as described in the pharmacological literature [27] are also 
candidates for microaffi nity gradient interactions with ligands. Maximum dose–activity responses 
are often observed at relatively low fractional occupancy of such receptors. “Spare receptors” such 
as those that occur in neural synapses may exhibit enhanced affi nity for a specifi c ligand through 
clustering in a manner similar to that observed for ASF binding to galectins. The enhancement in 
affi nity of a ligand could be as much as 1000- to 10,000-fold for clustered receptors. Occupancy of 
a portion of the clustered or “spare receptors” by antagonist would diminish the total number of 
unbound receptors, but may not reduce the “avidity” of the remaining clustered receptors [27]. The 
“effi cacy” of the agonist effect may be related to cross-linking or activating in some manner a frac-
tion of the receptors that is necessary for full pharmacology effect. Indeed, CD43 can be considered 
an example of a “spare receptor” in that molecules of CD43 on the surface of T cells contain many 
more carbohydrate epitopes than required for binding and cross-linking by galectin-1 [18].

3.10 CONCLUSION AND FUTURE DIRECTIONS

The results discussed in this review represent one general mechanism for the increased avidity 
of multivalent molecules for ligands and counter-receptors. An important second mechanism 
involves extended site binding of a receptor for a multivalent ligand, such as occurs between 
branched chain carbohydrates and the asialoglycoprotein receptor [28]. Together, both mecha-
nisms represent important means of increasing the binding affi nity and specifi city of multivalent 
molecules in biological systems.
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4.1 INTRODUCTION TO GLYCOMICS—FUNCTIONAL AND OTHERWISE

A major emphasis of modern molecular biology and biochemistry has been on the genome and its 
protein products. Genes and proteins are linear macromolecules and with evolution of powerful meth-
ods including DNA synthesis, polymerase chain reaction, and peptide synthesis, these molecules became 
relatively easy to study. This situation is not the case with complex carbohydrates, which have multiple 
sites for substitution, are often branched, and are diffi cult to be synthesized. As major biological func-
tions of complex carbohydrates are being recognized, modern studies on glycobiology and the emerging 
fi eld of glycomics have begun to defi ne the structural interactions between glycans and glycan-binding 
proteins (GBPs) (also called carbohydrate-binding proteins or lectins). Modern glycomics is a term 
coined in the late 1990s by Professor Vern Reinhold following the neologisms proteome/proteomics [1] 
and may be defi ned as the constellation of glycan structures (oligo- and polysaccharides) synthesized by 
cells and found in glycoproteins, glycolipids, and proteoglycans and in free glycans, e.g., milk and other 
fl uids. Functional glycomics is a term employed by the consortium for Functional Glycomics to denote 
the exploration of the recognition and interactions of the glycome in biological systems http://www.
functionalglycomics.org/static/index.shtml.

Among the major questions that functional glycomics must address are: How many glycans are 
synthesized by a single type of cell? How many different GBPs exist in humans or other animals? 
A lot of evidence is emerging to show that many GBPs are involved in innate immunity and regulation 
of the adaptive immune response. How are self and nonself glycans distinguished? What is the 
affi nity of interaction between glycans and GBPs?
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To address these types of questions, new methods and approaches are required. The remarkable 
advances that have been made in mass spectroscopy of glycoconjugates over the past 10–15 years 
have provided direct and sensitive methods for sequencing and sizing microquantities of glycans. 
These methods are beginning to reveal the vastness of the glycomes of human and other organisms. 
Glycan microarrays are a more recently developed novel tool for functional glycomics. Glycan 
microarrays represent multiple glycan probes that are either noncovalently or covalently attached to 
a microchip, a glass slide, or microsphere-sized beads, and allow simultaneous and rapid evaluation 
of glycan recognition by a candidate receptor or GBP. This chapter focuses on the development of 
glycan microarrays and how they are being used to decipher the recognition determinants of various 
GBPs in pure form or as present in viruses and bacteria, as well as for evaluating the specifi city of 
antibody binding to glycans. Following a historical overview, we will mainly focus on printed 
glycan microarrays, in which glycans are covalently linked to glass slides analogous to DNA and 
protein microarrays.

4.2 HISTORICAL BACKGROUND ON GLYCAN MICROARRAYS

Glycan microarrays evolved from many early studies on lectins, antibodies, and organisms that 
interact with glycoconjugates. Plant lectins, which initiated studies of glycan recognition [2], were 
discovered over 100 years ago by Stillmark (1889) and Hellin (1891). Antibodies in serum to differ-
ent blood group antigens were discovered also over 100 years ago by Landsteiner [3], who coined 
the term hapten. Sumner and Howell in their studies of plant seed components including enzymes 
(urease) discovered the well-known agglutinin termed concanavalin A (meaning that it occurred 
with another protein called canavalin) that could precipitate glycogen and agglutinate erythrocytes 
[4]. The word lectin was coined in 1954 to denote those proteins from plants with specifi c precipitating 
activity [5]. Obviously, investigations in this area required new approaches to evaluate the binding 
of one substance by another.

Almost all of these early studies on lectins and blood group antibodies were based on visual 
measurements, and agglutination of erythrocytes was the most common method for these studies. 
The types of glycans recognized by the lectin were explored indirectly by hapten inhibition studies 
or the use of exoglycosidases to alter the structure of either the target cell or the inhibitory haptens. 
These approaches are fundamentally sound in many ways and actually led to the discovery of the 
blood group antigens by Winifred Watkins and Walter Morgan [6,7]. However, inhibition studies 
required large amounts of glycans and to be thorough they also require a large repertoire of defi ned 
glycans and lectin itself; in addition, the analyses were relatively labor-intensive and not readily 
amenable to high throughput.

4.3 NONCOVALENT COUPLING STRATEGIES FOR MICROARRAYS

Solid-phase binding assays represented a better approach that allowed direct binding to glycan 
targets with less material and led the way to modern high-throughput techniques. One of the fi rst 
solid-phase assays for detecting protein binding to glycans was developed over 30 years ago and was 
an enzyme-linked immunosorbent assay (ELISA)-type approach to detect antibodies to bacterial 
polysaccharides that were directly adsorbed on plastic [8].

Another key early development in solid-phase assays for glycan binding proteins was the direct 
separation of naturally occurring glycolipids by thin layer chromatography and the use of a glyco-
lipid-overlay technique, in which the separated glycolipids were directly assayed for binding with 
125I-labeled toxins or antibodies [9,10]. Multiple glycolipid targets could be simultaneously assayed 
for binding using extremely small quantities of labeled protein or antibody. This approach was 
extended by the synthesis of neoglycolipids (NGLs) using reductive amination of reducing glycans 
with dipalmitoylphosphatidyl ethanolamine [11]. These NGLs can be resolved by thin layer chro-
matography, incorporated into liposomes, or placed in microtiter plates, and probed with antibodies 
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or lectins to defi ne the coupling glycan moieties [12]. This approach subsequently evolved into 
modern glycan microarrays in which NGLs are immobilized noncovalently by printing them on 
nitrocellulose-based glass slides [13,14].

The early solid-phase approaches with bacterial polysaccharides were extended by biotinylating 
the bacterial polysaccharides and capturing them on immobilized avidin-coated microtiter plates 
for use in ELISA [15]. Such noncovalent approaches for attaching glycans to a solid-phase 
surface are illustrated in Figure 4.1. Over the years, a number of investigators have utilized bioti-
nylated glycans in various formats with immobilized streptavidin and demonstrated the utility of 
these approaches [16–19]. Glycan microarrays employing streptavidin/biotin capture of glycans 
will be discussed in more detail below. One of the early types of glycan microarrays was termed 
a “GlycoChip” and was based on the capture of biotinylated oligosaccharides linked to 30 kDa 
polyacrylamide on a microarray platform with Streptavidin XNA GOLD [20]. This array was 
successfully utilized to explore the specifi city of antibodies to carbohydrate antigens.

One of the fi rst large-scale noncovalent glycan microarrays, which used immobilized bacterial 
polysaccharides and lipopolysaccharides, was developed by Wang et al. [21]. In this approach, 
robotic printing was used to adsorb 48 glycans on nitrocellulose-coated glass slides using a relatively 
wide variety of glycans from glycosaminoglycans, polysaccharides, glycoproteins, and semisynthetic 
material. This glycan microarray was usefully explored by antibodies to glycans and visualization 
relied on using a biotinylated antihuman IgG that was detected with cyanine 3-streptavidin using a 
standard fl uorescence scanner.

A variety of such noncovalent methods for generating glycan arrays were developed by several 
groups. Some of these arrays involved linkage of activated sugars to self-assembled monolayers 
through covalent methods [22], while others relied on adsorption of glycan or glycan conjugates to a 

Glycan-binding
protein

Streptavidin Fluorophore

Noncovalent linkage

Noncovalent linkage

Noncovalent linkage

Covalent linkage
(NHS-, epoxy-,

maleimido-, etc.)

Solid surface

-Spacer-glycan

-Lipid-glycan

-Biotin-glycan

Polysaccharides

Fluorescence

Fluorescence

Fluorescence

Fluorescence

FIGURE 4.1 (See CD for color fi gure.) Multiple strategies for probing the binding of GBPs to specifi c glycans 
in a microarray approach. Both covalent and noncovalent methods of immobilizing glycans have been used.
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nitrocellulose solid surface [14,21,23,24]. Schwarz et al. from Glycominds, Ltd. developed a novel 
glycan array using the strategy of coupling the glycans via a glycan-p-aminophenol linker at the 
reducing end to a novel linker (an oligomer of 1,8-diamino-3,6-dioxaoctan) on the solid support [25].

4.4 COVALENT COUPLING STRATEGIES

One of the earliest covalent coupling approaches to glycan microarrays was developed by Park 
and Shin, who synthesized maleimide-containing glycans and immobilized them covalently to 
thiol-derivatized glass slides with printing of 100–120 um diameter spots [26]. Another approach 
developed by the Seeberger Laboratory was to derivatize thiol-terminated ethylene glycol-
derivatized glycans directly to glass slides, which had been precoated with bovine serum albumin 
that was preactivated with maleimide functional groups for covalent coupling [27]. This group 
also developed a number of other strategies for covalent coupling of glycans to activated glass 
slides, including the use of sugars with an ethanolamine linker at their reducing ends and coupling 
to an immobilized homobifunctional disuccinimidyl carbonate linker [28]. In addition, Wong and 
coworkers developed covalent microtiter plate-based glycan microarrays using alkyne chemistry 
and cleavable linkers [29], which was an extension of their original studies on noncovalent 
capture of glycolipids directly in microtiter plates [30].

4.5 LARGE-SCALE ELISA-TYPE GLYCAN MICROARRAYS

The use of biotinylated glycans in an ELISA-type format (ELISA glycan microarray) was widely 
developed as the fi rst publicly available array through the Consortium for Functional Glycomics 
funded by the NIH/NIGMS and established in 2001. The ELISA glycan microarray initially 
contained several dozen biotinylated glycans. Some of the glycans were chemically synthesized 
with aliphatic spacers containing an azido moiety that was reduced to a primary amine and was 
subsequently biotinylated. This array was later expanded to well over 100 glycans and was used in 
many studies on plant and animal glycan binding proteins [31–42].

An example of the type of data obtained with the ELISA glycan microarray is shown in Figure 
4.2, where the binding of murine galectin-4 and recombinant domains of the protein were tested 
[39]. Galectin-4 is a tandem repeat galectin and contains two carbohydrate recognition domains 
(CRD1 and CRD2) at the N- and C-termini, respectively. The ELISA glycan microarray was used to 
demonstrate that each CRD has unique carbohydrate specifi city and that the specifi city of the intact 
galectin-4 is a composite of the contribution of the individual CRDs. The binding studies in these 
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FIGURE 4.2 (See CD for color fi gure.) Example of the binding of murine galectin-4, a tandem-repeat galectin, 
to the glycan microarray containing biotinylated glycans captured on streptavidin. In this experiment, a recombinant 
form of murine galectin-4, a tandem repeat galectin, was fl uorescently tagged with Alexa Fluor 488.
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FIGURE 4.2 (continued) In addition, the C-terminal domain (CRD2) and the N-terminal domain (CRD1) 
were separately expressed and also fl uorescently tagged. Each of these proteins were added to microtiter wells 
(mGal-4 2.8  µg/mL, CRD1 17.7  µg/mL, CRD2 12.3  µg/mL), and incubated for 1 h at room temperature. The 
plates were washed and bound galectin was directly measured in a Victor-2TM 1420 Multilabel Counter 
(PerkinElmer Life Sciences) at 485 nm excitation and 535 nm emission. The top panel shows the binding of the 
holoprotein, the middle and bottom panels show binding of recombinant forms of either the C-terminal or 
N-terminal domain containing the carbohydrate recognition domains 2 or 1, respectively. Each biotinylated 
glycan on the microarray is numbered. Some of the pertinent glycans bound by galectin-4 are shown. The 
heights of each peak in this bar graph represent the fl uorescent intensity measured in a fl uorescent microplate 
reader. (From Markova, V. et al., Int. J. Mol. Med. 18, 65, 2006.)
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ELISA-type assays are basically to exploit common ELISA detection systems, which include 
fl uorescence- or colorimetric-based reagents. In the typical experiments shown in Figure 4.2, the 
lectins are directly fl uorescently labeled. Alternatively, fl uorescently labeled secondary antibodies 
have been used to detect the primary binding protein. For example, studies on binding of human 
Siglec-8 employed a recombinant form of Siglec-8 as a chimera with the Fc portion of human IgG1 
(Siglec-8-Ig) and binding was detected by incubation with goat antihuman IgG-Alexa 488 [32].
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4.6  CURRENT METHODOLOGY FOR LARGE-SCALE 
GLYCAN MICROARRAYS

A key contribution from the consortium for functional glycomics (CFG) was the preparation of 
covalent glycan microarrays by coupling glycans with an aliphatic amine spacer directly to 
commercial glass slides containing polyethylene glycol surface with N-hydroxysuccinimide (NHS) 
coupling chemistry [43]. The great advantage of this glycan microarray is that it is printed by 
conventional contact printing approaches used for DNA and protein microarrays and that it utilizes 
direct covalent coupling with NHS chemistry, which is robust and highly effi cient. The glycan 
microarray provided by the CFG is publicly available upon request and hundreds of different 
samples have been analyzed in Cores D and H of the consortium. Because this array is widely used, 
it will be the primary focus of the remainder of this chapter.

4.6.1 SOURCE OF GLYCANS

The CFG glycan microarray is periodically expanded by the addition of new glycans to the array. 
Initially, glycans used for populating the array were chemically synthesized as glycosides or 
glycos ylamines with an amino-functionalized spacer at the reducing end for attachment to the 
NHS-derivatized glass slide [43]. Some of these glycans were modifi ed by specifi c glycosyltrans-
ferases in the presence of appropriate sugar nucleotides to produce chemoenzymatically synthesized 
structures [44]. In addition, purifi ed glycopeptides and glycoproteins were coupled to the array via 
their available free amino groups. A schematic showing the steps in producing and interrogating the 
CFG glycan microarray is found in Figure 4.3. The content of current and past versions of the 
micro array can be found at the Web site of the consortium http://www.functionalglycomics.org/
static/consortium/resources/.

Ideally the glycan microarray should represent all known glycan structures, but this is not possible 
by current chemical or chemoenzymatic methods due to the complexity and the large number of 
potential structures. Such determinants are not well-defi ned, but historically they have been consid-
ered to be largely at the nonreducing termini of glycans. However, there can be recognition of internal 
glycan determinants along with clustered determinants. To aid in expanding the array, recent 
approaches to derivatization of naturally occurring free glycans or glycans released from glycoconju-
gates or polysaccharides by chemical or enzymatic methods have been successfully developed. For 
example, reducing glycans can be coupled to 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine to 
form NGLs that can be printed on nitrocellulose as a noncovalent microarray [14] or derivatized with 
a bifunctional spacer containing both a methyl-N,O-hydroxylamine for coupling to reducing sugars 
and a primary amine functionality suitable for coupling to NHS-activated surfaces [45]. Another useful 
approach has been the use of fl uorescent bifunctional diamino spacers such as 2,6-diaminopyridine 
[46,47] that can be coupled with reducing glycans from natural sources. Fluorescent conjugates have 
an advantage in detection and permit the separation and purifi cation of nanomolar amounts of material 
that can then be identifi ed or structurally characterized and printed as arrays.

4.6.2 PRINTING OF THE GLYCAN MICROARRAYS

The glycan microarrays are printed from stock solutions at concentrations of 10 to 100  µM by 
robotic pin printers that deposit approximately 0.6 nL of six replicates of glycan derivatives upon 
contact to the surface of NHS-derivatized slides as described for the glycan array produced for the 

FIGURE 4.3 (See color insert following blank page 170. Also see CD for color fi gure.) Preparing cova-
lent glycan microarrays printed on NHS-activated glass slides using glycans with a spacer at the reducing that 
contains a primary amine for coupling. The immobilized glycans are printed as small spots (50–150  µm) and 
then interrogated with material that may bind glycans, including GBPs, cells, viruses, bacteria, and serum. 
Binding is detected by fl uorescence.

7269_C004.indd   547269_C004.indd   54 9/6/2008   2:24:14 PM9/6/2008   2:24:14 PM



Deciphering Lectin Ligands through Glycan Arrays 55

Glycan library

Derivatization NH2-spacer

Printing
NHS or epoxy activated

glass slides

Glycan microarray

Interrogation

Fluorescence
Read image
in scanner

Chemical or
enzymatic
synthesis

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

-s
pa

ce
r

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

N
H

2-
sp

ac
er

α3 α3

α3

α2

α2

α4

α3

α6

α3 α6 α6

α6

β4

β4
β4

β4

β4

β2 β2
β3

β3
β4

β4 β4 β4

β4

β3

β3

β3
β3

β4
β4

β3

β6

β3

β3

β4

β4

β4

β2 β2

α3
α3

α3

α2

α2
α4

α3

α6

α3 α6 α6

α6

β4

β4
β4

β4

β4

β2 β2
β3

β3
β4

β4 β4 β4

β4

β3

β3

β3
β3

β4
β4

β3

β6

β3

β3

β4

β4

β4

β2 β2

α3 α3

α3

α2

α2

α4

α3

α6

α3 α6 α6

α6

β4

β4
β4

β4

β4

β2 β2
β3

β3
β4

β4 β4 β4

β4

β3

β3

β3
β3

β4
β4

β3

β6

β3

β3

β4

β4

β4

β2 β2

α3
α3

α3

α2

α2

α4

α3

α6

α3 α6 α6

α6

β4

β4
β4

β4

β4

β2 β2
β3

β3
β4

β4 β4 β4

β4

β3

β3

β3
β3

β4
β4

β3

β6

β3

β3

β4

β4

β4

β2 β2

FIGURE 4.3 (See caption on page 54.)

7269_C004.indd   557269_C004.indd   55 9/6/2008   2:24:14 PM9/6/2008   2:24:14 PM



56 Animal Lectins: A Functional View 

consortium [43]. Alternatively, amino-functionalized fl uorescent glycans can also be printed at high 
precision (<5% CV) at volumes of 0.3 nL on either NHS- or epoxy-derivatized slides using noncon-
tact printing methods such as piezoelectric printing [46]. Fewer replicates due to more precise 
printing and smaller volumes decrease the amount of glycan derivative utilized for noncontact printing. 
In either case, fl uorescent glycan derivatives can be visualized in the fl uorescence scanner to permit 
location of the subarrays for quantitation and provide a convenient method for quality control of 
microarray fabrication. Regardless of the type of printing method or linker, the printed slides must 
be blocked to eliminate any residual reactive groups and prevent nonspecifi c binding of protein. The 
printed slides are washed with appropriate buffer components [43,46,47], rinsed with water, dried, 
and stored desiccated at room temperature until used.

4.6.3 BINDING OF SAMPLES TO THE GLYCAN MICROARRAY

Several major considerations for glycan analyses are the signal–noise ratio for detecting binding over 
a background noise, the concentration of immobilized glycans, the concentration of the GBP or recep-
tor source (e.g., virus, bacteria), the effect of derivatization on the activity and stability of the GBP 
(e.g., fl uorescent labeling or biotinylation), and the affi nity of the GBP or receptor. All of these 
parameters are typically considered when a new binding study is undertaken and where there is 
little available information about the binding affi nity of the GBP or receptor or even whether they bind 
carbohydrate. A trial and error approach is often taken where different strategies of derivatization, 
detection or cross-linking of the GBP are explored until a proper condition is found to conduct the 
experiments. Some GBPs may be inactivated by derivatization and care should be taken to confi rm that 
the labeled GBP retains activity. Some GBPs appear to have low affi nity that is enhanced by cross-linking 
them. For example, recombinant infl uenza virus hemagglutinins (HAs) are often detected by using 
His-tagged HAs that are made to be highly multivalent by cross-linking with anti-His mAb along with 
antimouse-IgG-Alexa Fluor488 in a proper ratio [48]. However, many GBPs bind with high affi nity 
directly, such as galectins, and no special cross-linking is required to detect their binding [49].

Analyses of GBPs are carried out on slides after rehydration in buffer. The GBP is prepared 
in binding buffer that contains an appropriately buffered isotonic saline solution to support any 
cofactors such as divalent cations that may be required for binding and 1%–3% bovine serum 
albumin (BSA) or other blocking protein and 0.05% Tween 20 to prevent nonspecifi c binding. The 
GBP concentration usually varies in the range of 1–200  µg/mL depending upon the affi nity for its 
coupling glycan. The GBP is added to the array in 50–70  µL and placed under a cover slip. 
Alternatively, if individual subarrays on a slide are contained by a barrier drawn with a hydrophobic 
pen, approximately 1 mL of GBP solution may be added to the surface of the slide. GBPs that are 
directly labeled with a fluorescent tag can be analyzed after a one-step process of binding 
followed by dipping the slide gently into solutions of a series of buffers containing no BSA, followed 
by buffer containing no detergent, and fi nally distilled water. The slide is then dried by spinning 
in a slide centrifuge or with a gentle stream of nitrogen to remove excess water.

Detection of GBPs bound to the array that are not directly labeled can be accomplished by most 
indirect immunochemical technique as described previously [43]. Modifi cations of these simple proto-
cols are being developed to detect binding of whole viruses, bacteria, and other microorganisms and cells 
to glycans on the microarray. An example of a 12 × 16 subarray of the CFG glycan microarray that has 
been interrogated with a cocktail of 17 different fl uorescently labeled lectins to demonstrate the distribu-
tion of glycans is shown in Figure 4.4. The replicated pattern is produced as a result of the six replicates 
of each glycan being distributed over the entire array that is comprised of a matrix of 4 × 8 subarrays. Thus 
the complete array is capable of supporting over 1000 glycan targets represented in replicates of six.

4.6.4 ANALYZING THE BINDING DATA

Fluorescence of four replicates (following the elimination of the highest and lowest values of each glycan) 
represented on the array are reported as the average of relative fl uorescence units (RFU) detected using a 
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ProScanArray fl uorescence scanner (PerkinElmer). Analysis of the fl uorescence image is carried out 
using IMAGENE image analysis software (BioDiscovery, El Segundo, California) for the Consortium 
for Glycan Array [43] or software included with the ProScanArray Scanner for noncontact printed 
arrays [46]. Data are recorded using Microsoft Excel software in tables listing all of the glycan structures, 
their corresponding average RFU values, the standard error of the mean (SEM) and the coeffi cient of 
variation reported in percent (%CV) and a histogram as shown in Figure 4.5.

Thus, the methodology for printing and the instruments for “reading” slides, through fl uores-
cence detection, are widely available and access to the glycan microarray is publicly available from 
the consortium, where investigators can make an application to a Steering Committee that evaluates 
the scientifi c basis and available resources to decide whether to undertake the proposed study. In 
most cases, investigators with projects approved by the consortium submit samples to a core facility. 
These samples are typically fl uorescently labeled GBPs, viruses, or even bacteria for analyses. For serum 
samples, where antibodies to glycan antigens may be evaluated, the serum samples are unlabeled, 
and bound IgG or IgM is identifi ed by fl uorescently labeled secondary antibody binding. Results of 
all experiments, when fi nalized, are made publicly available at the consortium Web site.

4.7 INSIGHTS INTO LECTIN LIGANDS USING GLYCAN ARRAYS

The glycan microarray has been used to screen hundreds of different samples, including lectins, 
antibodies, viruses, and bacteria. To illustrate the power of the glycan microarray, we will highlight 
the recent studies on viruses in this section. The initiation of most animal virus infections may be the 
binding of a viral coat protein to glycan cell surface receptors. This pathway is well documented for 
infl uenza viral infection where the major coat protein, the HA, binds specifi cally to sialic acid-
containing cell surface glycans. Infl uenza virus that infects birds prefers to bind glycans that termi-
nate in α2,3-linked sialic acids on intestinal epithelial cells, whereas human viruses specifi cally bind 
α2,6-linked sialic acids on lung and upper respiratory tract epithelial cells [50,51]. Adaptation of the 
avian virus to humans is presumed to be due to a switch in receptor specifi city, which has been 
shown to occur with a single amino acid substitution in an infl uenza virus HA. Since the HA is not 
only responsible for the this binding specifi city, but is also the primary viral protein recognized by 

Subarray 1 Subarray 2

FIGURE 4.4 (See CD for color fi gure.) Example of the fl uorescent-labeled lectin detected on a printed glycan 
microarray. Multiple duplicate subarrays are on the glass slide and this shows the reproducible binding of the 
lectin to two adjacent subarrays. Glycans are regularly spotted in a geometric grid on the microarray. Thus, in 
this example, blank spaces between green fl uorescent spots indicates glycans that are not bound by the lectins 
tested. Data are typically scanned in a ScanArray 5000 (PerkinElmer Inc.) confocal scanner and the images are 
analyzed using the IMAGENE image analysis software (BioDiscovery, El Segundo, California).
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neutralizing antibodies in vaccines, rapid methods for correlating mutations and structural changes 
with virus receptor specifi cities would be useful in predicting potential epidemics [48,52,53].

Prior to the advent of the printed glycan microarray, most of our understanding of infl uenza HA 
specifi city was limited to differentiating α2,3- and α2,6-sialic acid linkages using cell-based assays. 
Hemagglutination or hemadsorption of erythrocytes that are enzymatically modifi ed to express only 
α2,3- or α2,6-linked sialic acids was the fi rst method of choice [54]. It is now possible, however, 
using glycan microarrays to rapidly analyze recombinant HAs in a cell-independent assay that per-
mits screening for binding to sialoglycans whose number is only limited by what structures can be 
synthesized or isolated from natural sources. The current version (v3.0) of the glycan array from the 
consortium is comprised of 320 glycan targets distributed over the glass surface where approxi-
mately 30% contain sialic acid with 66 having α2,3-linked Neu5Ac, 26 having α2,6-linked Neu5Ac, 
10 containing α2,8-linked Neu5Ac, and eight containing combinations of the various sialic linkages 
and six that are further substituted with sulfate. In addition, there are seven sialoglycans with α2,3- 
or α2,6-linked NeuGc. Thus, it is now possible in a single analysis to interrogate all of the printed 
glycans to reveal not only sialic acid linkage preference, but also subtle specifi city differences asso-
ciated with other features of the glycans including the size or length of the oligosaccharide, 
additional fucosylation, or additional charges associated with additional sialic acids or sulfates.

Stevens et al. [48] have recently demonstrated that the glycan array analysis not only revealed 
clear α2–3 and α2–6 sialic preferences, but also detected subtle differences in HA specifi city for 
fucosylation and sulfation. Furthermore, they showed that the species barrier from birds to humans 
could be circumvented by changes at only two positions in the infl uenza HA. Thus the glycan 
microarray is useful in identifying mutations that may enable adaptation of infl uenza serotypes into 
the human population [53].

Adeno-associated viruses have shown promise as vectors for gene transfer. Understanding the 
tropism of these viruses at the molecular level could ultimately lead to a better understanding of their 
utility in gene therapy applications. Classical approaches to defi ning the specifi city of different 

FIGURE 4.5 Glycan microarray analysis of the N-terminal domain of human galectin-8. The lectin domain 
was analyzed at 200 µg/mL (3.5–6  µM) and the microarray slides were comprised of 285 glycan targets 
represented on each slide at n  =  6. The data shown are the average RFUs of four replicates after removal of the 
highest and lowest values, and error bars indicate the SEM.
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adeno-associated virus strains involved hemagglutination, enzymatic treatments, and resialylation 
of erythrocytes, as well as competition binding assays using known glycans. Such studies provided 
strong evidence that cell-surface, sialic-containing glycoproteins are involved in binding and 
transduction of target cells [55]. Recent studies indicate that the glycan microarray will be a major 
tool to understand the subtle differences in specifi city of viral capsid proteins for cell surface glycans. 
For example, a recent analysis of the specifi city of adeno associated virus1 (AAV1) using the glycan 
microarray indicated that among the 264 glycans printed on the microarray, fl uorescently labeled 
capsid AAV1 bound to a single glycan NeuAcα2–3GalNAcβ1–4GlcNAc (glycan 215) [56] (Figure 
4.6). In related studies on parvovirus minute virus of mice (MVM), data from the glycan microarray 
showed that the prototype virus (MVMp), three virulent mutants, and an immunosuppressive strain 
(MVMi) all bound to a terminal sialic acid linked α2–3 to a common Galβ1–4GlcNAc motif of 
3¢SiaLN-LN, 3¢SiaLN-LN-LN, and sLex- sLex- sLex. while one of the virulent strains and the immu-
nosuppressive strain also recognized multisialylated glycans terminating in NeuAcα2–8 linkages 
characteristic of gangliosides GD3, GT3, and GD2 [57]. Thus, the glycan microarray provides a 
high level of structural defi nition of structures recognized by MVM and provides a rationale for the 
tropism of MVM for malignantly transformed cells that possesses the sLex motif, as well as the 
neurotropism of MVMi for interactions with ganglioside-type structures.

4.8 CONCLUSION AND FUTURE DIRECTIONS

Glycan microarrays offer a new approach for high-throughput screening of a variety of GBPs and 
glycan-binding organisms. Previous studies without such microarrays were limited by hapten 
inhibition approaches or direct affi nity chromatography approaches. Through the use of glycan 
microarrays hundreds of samples including purifi ed proteins, antibodies, serum samples, viruses, 
and bacteria have been studied in the past few years. The results are beginning to show that each 
GBP has unique recognition and affi nity. Some GBPs appear to recognize a highly restricted set of 
glycans (see Figure 4.6), while others see more of a pattern of glycan structures within a restricted 
range (see Figures 4.4 and 4.5). Such studies are highlighting the need to take a fresh look at the 
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nature of protein–glycan interactions at both the atomic level with more complex glycans and at the 
cellular level. In addition, the interpretation of data from glycan microarrays should be interpreted 
cautiously, since these microarrays do not have the protein or lipid components to which glycans are 
linked; thus, such microarrays may miss key determinants contributed by the protein components. 
For example, P-selectin binds well to the N-terminal glycosulfopeptides domain of P-selectin 
glycoprotein ligand-1 (PSGL-1), but binds poorly to the glycan alone [58,59]. New developments in 
the formation of arrays using new linker chemistries and new glycan derivatization approaches are 
underway and attest to the robust interest in this new format. Also new developments are underway 
to directly capture natural glycans from human, animal, and microbial sources. Future studies are 
likely to expand the glycan microarrays and provide a richer matrix to help us explore the complex 
nature of glycan recognition and the functional roles of glycans in host and pathogen biology.
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5.1 FRONTAL AFFINITY CHROMATOGRAPHY

5.1.1 HISTORY OF IMPROVEMENT

Frontal affi nity chromatography (FAC) is a quantitative technique of affi nity chromatography 
originally developed by Kasai and Ishii [1] (for a detailed review, see Ref. [2]). Although it was 
fi rst investigated as a tool for biomolecular interactions between enzymes and their inhibitors, its 
high potential and versatility have been demonstrated for many other biomolecules, for example, 
for quantitative specifi city analysis of a representative plant lectin, concanavalin A, using a series 
of radiolabeled asparagine-linked oligosaccharides [3]. Originally, FAC was operated manually in 
a cold room using an open column and a fraction collector. Such procedures are laborious, 
time-consuming, and not suffi ciently reproducible. In 2000, the system was greatly improved by 
the incorporation of a high-performance liquid chromatography (HPLC) system to assure high 
reproducibility and by the introduction of fl uorescently labeled oligosaccharides to achieve high 
sensitivity [4]. The fi rst such system introduced was quite simple, comprising a single isocratic 
pump, a manual injector, a fl uorescence detector, and a personal computer. A specialized data 
analysis program was also developed [5]. With this specialized system, several dozens of interaction 
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analyses per day were performed for the determination of dissociation and association constants 
(Kd and Ka, respectively) between galectins and pyridylaminated (PA) oligosaccharides [6,7].

Two years prior to the technical advance mentioned above based on detection of fl uorescent 
oligosaccharides, a different type of improvement was introduced. D.C. Schriemer and O. Hindsgaul 
applied the FAC principle to a modern analytical technique, electrospray ionization-mass spectrometry 
(ESI-MS). With this innovative coupling, online MS detection became possible for a series of carbo-
hydrate derivatives synthesized by combinatorial chemistry [8]. This is an excellent combination, as 
various compounds can be subjected to FAC interaction analysis as a mixture, provided they can be 
differentiated on the basis of molecular mass [9–13]. FAC-ESI-MS has several disadvantages: These 
include diffi culty in precise determination of elution volume and diffi culty in ionization of relatively 
large glycans. The FAC user thus has the option, depending on the application, of MS or fl uorescence 
detection. More recently, automated instruments for fl uorescence-detection FAC (designated hereafter 
FAC-FD; Figure 5.1) have been developed in the course of the New Energy and Industrial Technology 
Development Organization (NEDO) project in Japan [14]. As described in previous reviews, the 
FAC-FD system has a number of advantages for the systematic comparison of the sugar-binding speci-
fi cities of related lectins [15–17]. Perhaps the most important attribute of FAC-FD is its ability to 
provide precise values for Ka or Kd using minimal amounts of counterpart molecules (oligosaccha-
rides). Most other analytical methods (e.g., equilibrium dialysis, surface plasmon resonance, enzyme-
linked solid-phase assays, hemagglutination inhibition assays, glycan arrays) require greater amounts 
of the glycans that possess weak lectin affi nities.

FIGURE 5.1 Outlook of an automated FAC instrument, FAC-T. The instrument was developed in the course 
of the NEDO project designated “SG” (Structural Glycomics) by collaboration with Shimadzu Corporation 
(Kyoto, Japan). The FAC-T instrument consists of two isocratic pumps, an autosampling system, a column 
oven, a pair of miniature capsule-type columns, and a PC workstation. In this system, FAC-T is equipped with 
a fl uorescence detector. For details, see text. (From Nakamura-Tsuruta, S., Uchiyama, N., and Hirabayashi, J., 
Methods Enzymol., 415, 311, 2006; Nakamura-Tsuruta, S. et al. In: Nilsson, C.L., Ed., Lectins: Analytical 
Technologies, Chapter 10, Elsevier, Amsterdam, 2007.)
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The rapid uptake of FAC technology is clearly demonstrated by the increase in rate of publica-
tion of FAC-related papers following improvements published in 2000 [14]. Papers published in 
2006 (10) account for 30% of the total number (33). (Figure 5.2).

5.1.2 PRINCIPLE AND PROCEDURES

Details of the separation principle and mathematical aspects of FAC have been published [2]. More 
recently, the practical operation of the improved systems has been described [15–17]. This section 
describes the essence of the FAC procedure and the operation of the automated FAC-1 and FAC-T 
instruments.

A lectin-immobilized column must be prepared for analysis, together with fl uorescently labeled 
oligosaccharides. Lectins are immobilized on NHS-activated Sepharose 4 Fast Flow (Amersham) 
and the resultant resin is packed into a capsule-type miniature column.

Appropriately diluted oligosaccharide solution is prepared and an excess volume is applied to 
the lectin-immobilized column. In the case of FAC-1 and FAC-T, at least 0.5 mL of diluted (e.g., 
2.5 nM for N-glycans and 5 nM for others) PA-saccharide is applied by an autoinjection system. 
Since the miniature capsule-type column is suffi ciently small (diameter, 2 mm × 10 mm; bed volume, 
31.4 µL), an excess volume of the saccharide solution relative to the column (>15.9-fold) is assured. 
Under conditions that ensure dynamic equilibrium between the immobilized lectin and mobile-
phase oligosaccharides (fl ow rate, 0.125 mL/min; temperature, 25°C), the latter molecules undergo 
repeated association and dissociation processes with the immobilized lectin molecules. This results 
in generation of a “leakage” of the elution front when the accumulation of the saccharide exceeds 
the capacity of the column. This leakage is actually observed as a delay (retardation) of the elution 
front (V) compared with that of an appropriate control saccharide (V0), which shows no affi nity to 

FIGURE 5.2 Increase in the publication of FAC-related papers. Closed bars represent numbers of papers per 
year describing FAC-FD (fl uorescence detection), while open bars represent those describing other FAC tech-
nologies (conventional FAC and FAC-MS). Remarks of epoch-making events are noted above arrows.
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the lectin. This observed delay, i.e., V – V0 (expressed in mL), increases when either the affi nity con-
stant (Ka) to the lectin or the immobilized lectin content (Bt) becomes larger. This relationship is 
defi ned by the basic equation of FAC (Equation 5.1), where [A]0 is the initial concentration of sac-
charide (expressed in M) and Bt is the column capacity (mol). Ka and Kd are related as shown in 
Equation 5.2.

 = − −d t 0 0( ) [A]K B V V  (5.1)

 =d a1/K K  (5.2)

When Kd is much larger (e.g., >20-fold) than [A]0 (note that both are expressed in M), Equation 5.2 
is further simplifi ed to

 = −d t 0( )K B V V  (5.3)

Since lectin–carbohydrate interactions are generally weak, and in almost all cases not more 
than 107 M−1 in terms of Ka (i.e., in Kd, 0.1 µM), Equation 5.3 applies to almost all cases in FAC. 
With the use of fl uorescent PA–oligosaccharides, concentrations of 1–10 nM are suitable for 
detection. Discussion of results is straightforward. “Twice-stronger retardation is observed 
for saccharide A compared with saccharide B.” means twice-stronger affi nity of A over B. Among 
other labeling reagents, 2-amino-benzamide (2-AB) also shows satisfactory performance as far as 
examined. Each V value may be obtained approximately by calculating the elution volume (ml) 
corresponding to a half maximum value of the “plateau” (i.e., 1/2[A]0). In most cases, a more 
precise determination of V is necessary. This is achieved by a mathematical procedure developed 
recently [5].

5.1.3 ADVANTAGES OF FAC

As described above, the current system for FAC-FD has numerous advantages from both basic and 
practical viewpoints.

 1. Clear principle: Essentially the same as that of enzyme kinetics, both of which are based 
on the classic Langmuir adsorption equation.

 2. Simple operation: Utilization of an isocratic elution system guarantees high-throughput 
and reproducible analysis. Moreover, once the Bt value of the lectin column (described 
later) has been determined, one Kd value can be determined by a single interaction analysis 
(i.e., one injection).

 3. Full applicability to weak interaction analysis: This is particularly important for analy-
sis of lectin–carbohydrate interactions because they are relatively weak compared 
with those of antigen–antibody. Only a few methods are available for the determination 
of Kd (dissociation constant) >10−4 M, while FAC usually deals with Kd values between 
10−3 and 10−7 M.

 4. Sensitivity: When using PA-saccharides in FAC-FD, no more than 1 pmol is required for 
each analysis.

 5. Accuracy and reproducibility: In accordance with Equation 5.3 described above, extents 
of retardation of the elution front (V – V0) no longer depend on the initial concentration of 
an analyte saccharide ([A]0). Therefore, in most cases (Kd >> [A]0), highly accurate data on 
V – V0 are obtained, which allow precise determination of Kd.

 6. Usefulness of PA-saccharides: From a practical viewpoint, it is important that fl uores-
cently labeled standard glycans be readily available. As the PA-labeling method [18] is 
now widely utilized, a number of (>100) PA-oligosaccharides with defi ned structures have 
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become commercially available; e.g., from Takara Bio Inc. (Kyoto, Japan) and Masudsa 
Chemical Industry (Takamatsu, Japan). PA-oligosaccharides do not show any undesirable 
nonspecifi c adsorption, as far as examined, to agarose and other HPLC support materials. 
These features are of great assistance in the construction of a glycan library for a lectin–
carbohydrate interaction database.

5.1.4 DEVELOPMENT OF AUTOMATED INSTRUMENTS FAC-1 AND FAC-T

The NEDO project for structural glycomics was intended to develop high-throughput instruments, 
which include those for mass spectrometry and lectin-based glycan profi ling [14]. FAC is a unique 
method, whose principle is simple and clear, for the provision of valuable information on lectin–
glycan interactions in terms of affi nity constants (Ka). Recent improvements in automatic injection 
and data analysis will allow the rapid collection of new research data, which are essential for the 
elucidation of lectin functions in vivo.

A prototype instrument for automated FAC, FAC-1, has been developed in collaboration with 
Shimadzu [16,17] (Kyoto, Japan; Figure 5.1). FAC-1 consists of two isocratic pumps (pump A for 
analysis and pump B for column washing), an autosampling system (enabling 210 injections), a 
column oven (usually set at 25°C), and a pair of miniature capsule-type columns. The system can be 
equipped with either fl uorescence (Shimadzu, RF10AXL; e.g., for detection of PA-saccharides in 
specifi city analysis) or UV detectors (Shimadzu, SPD-10A VP; e.g., for detection of p-nitrophenyl-
saccharides in concentration analysis), and a PC workstation loaded with a conventional “LC solu-
tion” software. The FAC-1 system is primarily designed for effi cient analysis with minimal dead 
time: This was attained by using a parallel column-switching system. During analysis with one 
column, the other column is subjected to washing, greatly reducing cycle analysis time to 5–6 min 
(Figure 5.3).
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Analysis Analysis

AnalysisAnalysis
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FIGURE 5.3 A scheme of pairwise analysis (data collection) and washing procedures in FAC-1. The instrument 
consists of two columns (columns 1 and 2) and two pumps for effi cient analysis with minimal dead time: This was 
attained by using a parallel column-switching system. Hereby, a relatively short cycle analysis time (5–6 min) is 
achieved.
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A more advanced instrument, FAC-T was developed, which, while still utilizing two pumps, 
is equipped with four columns in a “twin-parallel” (2 × 2) arrangement. (For details, see Refs. 
[16,17]). Both FAC-1 and FAC-T enable more than 200 analyses per day and require only 
0.25–0.5 pmol/0.5 mL of PA-saccharide solution for each analysis. When stronger retardation is 
expected, application of a larger volume (e.g., 0.8 mL) is necessary to determine a precise V value. 
UV-sensitive saccharide derivatives are generally used for concentration-dependence analysis to 
determine Bt. These include p-nitrophenyl, p-aminophenyl, p-methoxyphenyl, and methotrexate 
derivatives. The concentration range used depends largely on lectin affi nity to the saccharide used 
for analysis. In practice, if the concentration corresponding to Kd of the saccharide is applied to a 
lectin column, its V–V0 value becomes (Vmax–V0)/2 in theory [2], where Vmax is maximum V, which 
is obtained when the minimal concentration of PA-saccharide ([A]0 << Kd) is used.

5.1.5 PUBLICATION OF RESULTS ON THE INTERNET (LECTIN FRONTIER DATABASE)

It is suggested that results of lectin–carbohydrate interactions be published on the Internet in the form 
of a comprehensive database, as lectins have proved to be extremely useful tools and their functions 
in vivo have attracted intense attention from a range of scientifi c fi elds. Since initial investigations 
almost 120 years ago, many lectins have been isolated from plants, fungi, microbes, viruses and ani-
mals, including humans, and their distinctive biological properties have been characterized. Although 
there are various lectin databases, none containing experimental data on lectin–carbohydrate interactions 
have been published. In this context, we recently constructed a novel database, designated Lectin 
frontier DataBase (LfDB), which was designed along with the integrated database designated 
Carbohydrate sequence DataBase (CabosDB) by collaboration with Mitsui Knowledge Industry Co. Ltd. 
(Tokyo, Japan). The databases are planned for publication on the Internet in the near future [19].

LfDB provides molecular information on about 220 lectins, with common and formal nomen-
clature of the source organisms and tissues, lectin family, number of carbohydrate recognition 
domains (CRDs), amino acid sequences (deduced or directly determined), types of polypeptide fold 
(e.g., β-sandwich), references, and links to other relevant databases (e.g., GenBank, Protein Data 
Bank, Pfam). However, the most important feature is that LfDB gives comprehensive, experimental 
data on lectin affi nity determined by FAC. The lectin entries can be retrieved through the database 
using a variety of search options (e.g., keywords, molecular properties of lectins, structural features 
of glycans, affi nity strength of lectin–oligosaccharide interactions). Users can browse the derived 
affi nity patterns, characteristics of the target lectins, and structures of the relevant glycans.

5.2 LECTIN MICROARRAY

The lectin microarray is an emerging technique in the fi eld of structural glycomics. The idea 
originated from the concept of glycan profi ling [14], by which complex features of glycans and 
glycocoproteins, and even their mixtures (e.g., cell extracts, body fl uids containing various glyco-
proteins of multiple glycoforms) can be characterized by a simple procedure. Such an approach is 
urgently required for quality control of glycoprotein drugs and cells for medical use (regenerative 
medicine) and for investigation of glycan-related biomarkers. The same approach has been applied 
to other profi ling methods, for example, a mass spectrometry technique called spectral matching 
(MSn) and multidimensional HPLC mapping (LCn) using PA or 2-AB-labeled oligosaccharides. 
Unlike these methods based on physical or chemical separation principles, the lectin microarray 
is based on the biological recognition properties of lectins. In comparison with antibodies, another 
group of biomolecules having specifi c affi nity to particular molecules, lectins generally show 
weaker affi nity and broader specifi city. This is in clear contrast to antibody arrays, in that lectin 
microarrays works well for glycan profi ling but not for glycan identifi cation.

Considering the rapid accumulation of fundamental data on lectin–carbohydrate interactions, as 
well as the pressing requirement for a rapid and sensitive profi ling method other than MSn (expensive) 
and LCn (low throughput), it was a natural progression to use multiple lectins as deciphering 
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molecules on a microarray platform, in analogy to DNA and protein microarrays. Academic papers 
reporting lectin microarrays emerged almost simultaneously from 2005 [20–25]. Microarray appli-
cations were also reported, which include the use of crude samples derived from cultured cells, and 
clinical samples [26–29]. As lectin–carbohydrate interactions are relatively weak compared with 
other bio-molecular interactions, development of a lectin microarray requires a special technique 
uncommon in conventional DNA and antibody microarrays. The same problem is also true for car-
bohydrate microarrays, unless high-density immobilization is achieved for glycan immobilization 
[30]. In the following sections, reasons why the evanescent-fi eld fl uorescence-activated detection 
principle was adopted for the lectin microarray are explained [31], followed by a description of its 
potential for differential profi ling in the special context of biomarker investigation.

5.2.1 EVANESCENT-FIELD FLUORESCENCE-ACTIVATED DETECTION PRINCIPLE

It has been long known that an evanescent-fi eld wave is generated between two phases (e.g., glass 
slide and probing buffer) signifi cantly differing in refl ection index when excitation light is injected 
to the solid phase (glass) with an injection angle appropriate to cause total refl ection (Figure 5.4). 
The wave thus generated is restricted to an extremely narrow distance from the glass surface 
(substantially <200 nm). This “near optic fi eld” is utilized for activation of fl uorescently labeled 
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FIGURE 5.4 (See CD for color fi gure.) A schematic drawing of the evanescent-fi eld fl uorescence-activated 
detection principle adopted for the development of lectin microarray. With this principle, relatively weak 
lectin–carbohydrate interaction is observed without washing procedures in a real-time manner. For detailed 
explanation, see text.
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glycans, which are added to the lectin microarray [23,31]. In this context, a specialized instrument 
for lectin microarray, SC-Profi ler, was developed in the course of NEDO project by collaboration 
with Moritex (Tokyo, Japan; Figure 5.5). The adopted detection principle, i.e., evanescent-fi eld 
fl uorescence-activated method, is considered superior to others in the following ways:

 1. No requirement for washing procedures: Because only the limited detection area is excited 
by the evanescent wave, no washing process to remove unbound fl uorescent probes is 
necessary before detection.

 2. Real-time observation under equilibrium conditions: This is not achievable by other 
detection methods that use washing procedures, while it is possible to detect in situ lectin–
carbohydrate interactions at equilibrium in an aqueous phase.

 3. Applicability to crude and mixed samples: Unlike FAC-FD, the described lectin microar-
ray enables specifi c detection of target molecules among mixed glycans/glycoproteins, 
which include clinical samples.

 4. Versatility and applicability: The method is applicable to glycans, glycopeptides, 
and glycoproteins as well as cell extracts differing in glycosylation machineries. 
For detection of a target glycoprotein, a sandwich method using specific antibody is 
adopted [28,29].

It must be noted that the evanescent-fi eld fl uorescence-detection system has some inherent proper-
ties, which may be disadvantageous in some cases. These include:

 1. The method requires prior labeling of target glycans/glycoproteins, unlike the surface 
plasmon resonance method, though this is common to all of the reported lectin microarray 
systems. For labeling, commercially available fl uorescent reagents, e.g., Cy3, Cy5, and 
tetramethylrhodamine (TAMRA), can be used. In the case of a fi xed target molecule 
(glycoprotein), the use of a specifi c antibody for probing the protein moiety of the glycoprotein 
will be effective for high-throughput analysis [28,29].

FIGURE 5.5 Outlook of an evanescent-fi eld activated-fl uorescence detection-type instrument (SC-Profi ler) 
for lectin microarray. The instrument was developed in the course of the NEDO project designated “SG” 
(Structural Glycomics) by collaboration with Moritex (Tokyo, Japan).
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 2. The evanescent wave, as an excitation light, will activate a small fraction of nonbound 
fl uorescent probes occurring in the near-optic fi eld, which will generate a signifi cant level 
of background in some cases. There are various methods for improvement: these include 
reduction of the probe amount applied to the array and addition of a minimal washing 
procedure to remove the bulk of unbound fl uorescent probes. A more fundamental solution 
to this potential problem may be achieved by either addition of some colloidal particles to 
the probe solution (Ebe et al., unpublished results). The solution largely depends on which 
options are chosen for each experimental condition and on the level of requirements (e.g., 
purpose of experiments, required quality of results, etc.).

5.2.2 INHERENT PROPERTIES OF THE LECTIN MICROARRAY

When using this special technique, some inherent properties different from those of other pro-
fi ling methods (e.g., MS and HPLC) should be considered. Firstly, all lectin microarray systems 
reported so far do not necessarily give equal signal intensities on different lectin spots, i.e., 
each lectin spot shows a different maximal value. Signal intensity depends on accessibility and 
availability of immobilized lectins, affi nity between lectins and glycans/glycoproteins, and the 
amount of target glycans/glycoproteins. Thus, the maximum signal value on each spot cannot 
be adequately controlled. It is recommended that the lectin microarray in its present form is 
best used for “differential profi ling,” which compares glycan profi les under the same experi-
mental conditions.

Secondly, distinct from other profi ling methods (e.g., MS and LC), lectin microarray results do not 
provide direct information on covalent structures of glycans. They do give useful clues for glycan 
structures in terms of epitope and other characteristic features. For interpretation, accumulated infor-
mation on lectin–carbohydrate interactions by FAC is essential. From a practical viewpoint, combined 
use of the lectin microarray with other analytical methods is encouraged.

5.2.3 DIFFICULTIES AND COMPLEXITY

The major application of the lectin microarray is in the fi eld of differential profi ling. However, 
it cannot be assumed that compared samples will show signifi cantly distinct profi les. There is a 
tendency that the higher the complexity of glycan structures, the greater the difficulty in 
differentiating between samples. For example, relatively simple profi les are obtained for TMR-
labeled glycans, which show clearly distinct patterns to one another (e.g., high-mannose type 
and biantennary complex type N-glycans) [23]. Such a feature is maintained for glycopeptides 
and glycoproteins if the number of glycosylation attachment sites and types of glycans 
(e.g., N-glycans and O-glycans) are few. However, in relatively large glycoproteins (e.g., laminin) 
with multiple glycosylation sites in a mixture of N-glycans and O-glycans, lectin array profi les 
become much more complex. Nevertheless, different glycoproteins including those from different 
species (e.g., transferrin from mouse, chick, and pig) can be clearly differentiated. Differentiation 
between different types of cells is also possible. These include chinese hamster ovary (CHO) 
and its mutant lectin (LEC) cells [26]. Apparent homogeneity of the “glycome” is maintained 
in each type of cell. In other words, the glycome is basically defi ned by outputs of glycosylation-
related enzymes expressed in each cell. On the other hand, tissues and organs are heteroge-
neous in terms of cell type, and thus, in terms of glycome. It is therefore sometimes difficult 
to differentiate different types of tissue. Difficulty in differential profiling is probably greatest 
in blood or serum, which are fairly complex mixtures of secreted (glyco)proteins, as well as 
their degradation products, originating from multiple tissues and cells. In the latter samples, 
some enrichment procedures are necessary to differentiate individuals and normal patients. 
Serum also contains an extremely abundant component, albumin. This is a critical issue in the 
investigation of useful biomarkers.

7269_C005.indd   717269_C005.indd   71 9/1/2008   6:01:18 PM9/1/2008   6:01:18 PM



72 Animal Lectins: A Functional View 

5.3 CONCLUSION AND FUTURE DIRECTIONS

A new NEDO project termed “Medical Glycomics” was commenced in April 2006, with the aim of 
fi nding disease-related biomarkers by means of various biotools, including the evanescent-type 
lectin microarray described in this chapter. Various other applications of this emerging technique are 
greatly hopeful (Figure 5.6). Results obtained with the lectin microarray described in this chapter 
will be described elsewhere.
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6.1 INTRODUCTION—GLYCOBIOLOGY IN THE “OMICS” ERA

The last decade saw an explosive growth in the volume of publicly accessible data due to the devel-
opment of high-throughput research technologies such as large-scale DNA cloning and sequencing, 
semiautomated protein structure determination, systematic knockdown of individual genes by RNA 
interference and simultaneous analysis of variation in the expression of thousands of genes by 
microarray assays, and plate- and chip-based protein/ligand binding assays. Concurrently, bioinfor-
maticians have devoted much effort to integrating this heterogeneous data, developing effi cient 
algorithms for its analysis and making it accessible to the wider biological research community. In 
this chapter, we describe how various data resources can be explored productively in the fi eld of 
glycobiology based on our own experience of in silico analysis of the evolution, structure, and function 
of animal calcium-binding (C-type) lectins.

C-type lectins constitute a superfamily of proteins containing C-type lectin-like domains 
(CTLDs, Figure 6.1), a large and heterogeneous group of extracellular Metazoan proteins with 
diverse functions. Evolutionary data suggest that sugar binding is the original function of the super-
family, as it is observed in its most distant members. However, many CTLDs have evolved to recog-
nize ligands other than carbohydrates, including proteins, inorganic substances such as ice and 
calcium carbonate, and lipids. The unique loop-in-a-loop structure of the domain, in which a large 
fl exible region is maintained on a stable core (Figure 6.1), can accommodate substantial variation in 
the shape of the ligand-binding region, and allows specifi c binding of large multivalent ligands such 
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as complex oligosaccharides. Formation of quaternary complexes further increases both specifi city 
and affi nity of carbohydrate recognition by C-type lectins, and allows them to function in diverse 
extracellular contexts, such as innate immune defence, turnover of glycosylated proteins, mainte-
nance of the extracellular matrix structure, and cellular adhesion.

Comparative analysis and data mining have played an integral role in studies of the C-type lectin 
family. In a review of the family in 1993, Drickamer divided the CTLD-containing proteins (CTLD-
cps) known at that time into seven groups (I–VII) based on their domain architecture, and showed 
that such grouping correlated well with the results of phylogenetic analysis of the CTLD sequences 
and captured the functional similarities among the proteins [2]. The classifi cation was revised in 
2002 [3] with the addition of seven new groups (VIII–XIV), and later we suggested some re-defi nitions 
and addition of a further three new groups (XV–XVII) to make the classifi cation consistent and able 
to cover all conserved vertebrate CTLDs [4]. Four studies using the whole-genome approach have 
been published analyzing the distribution of the superfamily in Caenorhabditis elegans [5], Drosophila 
melanogaster [6], human [3], and fi sh [7]. These studies and genome annotation projects demon-
strated the relatively high genome-wide abundance of CTLDcps, compared with proteins containing 
other domains, and the strong conservation of the groups within the vertebrate lineage but with little 
or no similarity between vertebrate and invertebrate CTLDcps. These studies also led to discovery 
of a number of novel CTLDcp genes.

C1

C0�

C0

C4

C2

C3

α2
α1

β1�

β2

β3

β4

β1

β5

FIGURE 6.1 (See color insert following blank page 170. Also see CD for color fi gure.) CTLD structure. 
A cartoon representation of a typical CTLD structure (1k9i). Our suggested universal numbering scheme for 
secondary structure elements is used [1]. The long loop region is shown in blue. Disulfi de bridges are shown as 
orange sticks, with cysteines numbered. The archtypical disulfi de bridges of the fold are between C1 and C4, and 
C2 and C3. The disulfi de bridge (C0–C0¢) specifi c for long-form CTLDs, which have an N-terminal extension, 
is also shown.
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6.2 DISCOVERY OF NEW C-TYPE LECTINS

Large-scale cDNA sequencing, free public access to sequence databases such as GenBank or EMBL, 
and tools such as BLAST [8] to search them for homologous sequences, has changed the way new 
genes are discovered. These methods have been quickly adopted by the biological research commu-
nity, and allow not only identifi cation of a novel sequence, but also tissues in which it is present. Using 
iterative and profi le-based search tools such as PSI-BLAST [8] or HMMER [9], very remote homologs 
can be detected with weak but signifi cant sequence similarity to the query sequences (Figure 6.2). The 
sensitivity of the searches can be further improved by incorporating available structural information, 
which is often quite extensive. In the case of C-type lectins, comparison of the CTLD structures avail-
able in the Protein Data Bank [10] allowed us to identify determinants of the CTLD fold which are 
shared by the protein sequences but for which no signifi cant similarity could be detected using sequence 
comparison alone [1]. Incorporation of these fi ndings, i.e., the sequence “signature” of the CTLD fold, 
into searches for new family members can help to discriminate between true homologs and spurious 
sequence similarities, a critical step of the search process.

A comprehensive study of a family the size of the CTLD family, even within one organism 
[3,5–7], poses a formidable data-handling task. According to our estimate, the GenBank database 
contains more than 4000 CTLD-containing expressed sequence tags (ESTs) from various species. 
The fi gure is doubled if all the sequences predicted in various genome annotation projects are taken 
into account. The number of distinct domain sequences is even larger, as some CTLDcps contain 
more than one CTLD. The amount of bibliographic and other structural and functional information 
is also substantial. A PubMed search with CTLD-specifi c text queries returns more than 10,000 
matches, and there are now more than 100 Protein Data Bank entries containing experimentally 
determined CTLD structures.

FIGURE 6.2 Building a CTLD database. Integration of sequence, structural, and genomic data on the CTLD 
family to create a comprehensive collection of CTLD sequences and to annotate it. Names of some of the 
software tools useful at various stages are shown in italics.
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However, some of the sequence data is repetitive and it varies in quality. Minor variations in 
sequences deposited by different contributors result in the sequence corresponding to a single gene 
being present more than once, even in the nonredundant database subset. Therefore, a collection of 
sequences produced by a homology search needs to be clustered at several levels, fi rst to determine 
duplicate occurrences of the same sequence (due to sequencing errors or polymorphisms), then to 
identify different protein forms expressed from the same gene (alternatively spliced or posttransla-
tionally modifi ed), and then further to defi ne orthologs from closely related species, which share 
high levels of sequence similarity and often the same name. This process can be facilitated by spe-
cialized software such as cd-hi [11]. The collected and clustered sequences will require annotation 
before they can be analyzed conveniently to determine phylogenetic relationships and predict pos-
sible functions. As shown in Figure 6.2, the annotation (linking of additional information) can 
include known details on the protein structure, and sequence motif and bibliographic information on 
reported or predicted functions. The analysis can include, for example, selecting representative 
sequences from each cluster and replacing alphanumeric database accession numbers with meaning-
ful identifi ers containing information about protein name and species of origin. Automation of all 
steps in this process is possible and desirable, as it allows researchers to work with large numbers of 
sequences and to repeat the searches as the source databases are updated or to optimize the search 
parameters. Collections of software modules for popular computer programming languages are 
available such as Perl, Python, or Java, which simplify such automation. To build our own collection 
of CTLD sequences, and classify and annotate them with phylogenetic, functional, and bibliographic 
information, we used modules from the BioPerl toolkit [12].

The collection of sequences and annotation information can be stored as a set of fl at-text fi les in 
Fasta or GenBank formats and accessed and maintained using common offi ce software. Alterna-
tively, if the number of sequences is large and annotations are complex, both sequence and annotated 
information can be stored in a relational database. Although requiring greater effort to set up, such 
an arrangement can be very powerful by allowing researchers to pose complex questions, such as 
“How many CTLDs from C. elegans are long-form and contain a predicted sugar-binding site with 
specifi city for mannose,” using simple queries. Our implementation of this approach was based on 
the MySQL database engine, BioPerl-db schema and a custom web interface and application 
programming interface (API) for accessing and modifying the information [13].

Compared with cDNA/EST sequence database searches, the whole-genome approach has the 
important advantages of being more comprehensive and allowing the identifi cation of novel 
sequences that escaped large-scale and targeted cDNA cloning efforts due, for instance, to large 
transcript size or low expression levels. Analysis of the complete or nearly complete genome 
sequence data now available for all major model organisms will allow the evolution of individual 
lectins, and of the families as a whole, to be tracked. The genome of the puffer fi sh, Fugu rubripes, 
has proven to be a particularly useful tool to study the evolution of vertebrate protein families. It has 
been available since 2002 [14] and was the second vertebrate genome sequenced. It is eight times 
smaller than the human genome and, thus, is a convenient comparative model for analyzing the 
much larger mammalian genomes because of its compactness, low content of repetitive elements, 
and the relatively large evolutionary distance between fi sh and mammals, which is estimated to be 
about 430 Myr [15].

Genome sequence annotations can contain both systematic and sporadic mistakes for gene 
predictions. These need to be corrected before any conclusions can be made about the evolution of 
the protein. For example, in our study of the CTLDcps in the fi sh genome [7], we noticed that almost 
all Fugu proteins in the offi cial Ensembl annotations were soluble proteins, whereas very few human 
CTLDcps are. Simple comparison with the GenScan [16] features overlapping the CTLD-encoding 
genes showed that absence of the transmembrane (TM) domains is a result of coding sequence 
(CDS) misprediction rather than a fundamental difference in Fugu CTLDcps. GenScan predictions, 
in turn, could not be used as a basis for our analysis because they sometimes contain regions that are 
absent from human or mouse orthologs, and often merge neighboring genes. Another general problem 
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with the Ensembl gene prediction was observed with proteins that had a previously unknown domain 
architecture. In such cases, individual domains had been separated into separate gene models. Yet 
another systematic problem we found was fragmentation of the predicted genes due to gaps in the 
assembly. In addition to these systematic problems, there were multiple sporadic ones. For example, 
a cluster of tandemly duplicated genes can be collapsed by the prediction algorithm into a single 
gene structure with several “alternatively spliced” transcripts, as was the case for the cluster of three 
selectin genes (P-, L-, and E-) in the Fugu genome. Manual revision of the predicted structures for 
misannotated genes using supporting evidence available in the original database, as well as addi-
tional evidence specifi c to the studied protein family, can solve such problems. Depending on how 
extensive the required reannotations are, various software can be useful; if working with individual 
loci, fragments of genomic DNA can be imported from the database and reannotated either manu-
ally or using an annotation editor such as Artemis [17]. To accommodate the annotations for more 
than 100 of the predicted CTLD-encoding loci in the Fugu genome, we used the Apollo genome 
browser [18] backed up by an Otter database [19] from the Ensembl project. Overall, as in our Fugu 
study, fi nding, checking, and annotating genome sequences can involve a considerable amount of 
work (cf. the steps in Figure 6.2) but can be very rewarding; in our case, we verifi ed 32 gene struc-
tures and predicted 63 new ones [7].

Discovering novel superfamily members in existing database sequences is one of the most 
important and exciting outcomes of a systematic computer-based study. And despite all the 
limitations of the draft Fugu sequence, we found it to be a powerful instrument for gene discovery. 
We predicted putative Fugu orthologs for several uncharacterized mammalian CTLDcps 
(Bimlec, MGC3279, KIAA0534, CETM, SEEC, CBCP/Frem1/QBRICK, NLSLH) that are well 
conserved between Fugu and mammals [7]. Some of the predictions were supported by mam-
malian cDNA sequences from public databases, while for others (NLSLH and CBCP) no full-
length cDNA from any organism was found in DBs. Three of the novel CTLDcps could not be 
attributed to any of the groups known at the time we performed our study, and we suggested 
extensions to the classifi cation to accommodate them [4,7]. A large (∼2100 aa) proteoglycan, 
which we called Calx-β CTLD binding protein (CBCP), which contains a set of chondroitin 
sulfate proteoglycan (CSPG) repeats [20] (homologous to the NG2 ectodomain [21]), a calcium-
binding Calx-β domain [22], and a CTLD is a novel member of a well-studied protein family 
(NG2), which had not been reported previously to have members containing CTLDs. Our 
prediction has since been fully confi rmed by two independent studies [23,24].

6.3 FUNCTIONAL ANNOTATION OF NOVEL C-TYPE LECTINS

The integrated coherent experimental and analysis approach of Drickamer and his colleagues has 
provided an in-depth understanding of many of aspects of the structural mechanisms of sugar 
binding by C-type lectin carbohydrate recognition domains (CRDs), and established a basis for 
developing bioinformatics techniques for predicting CTLD sugar-binding properties with substantial 
reliability by sequence analysis [25].

Residues with carbonyl side chains involved in Ca2+ coordination in site 2 form two characteristic 
motifs in the CTLD sequence and together with the calcium atom itself are directly involved in 
monosaccharide binding [2]. The molecular mechanism of Ca2+-dependent carbohydrate binding is 
conserved in all family members studied; the amino acids that form the core of the binding sites have 
characteristic motifs (“EPN” and “WND”) that can be identifi ed by sequence similarity, and are 
indicative of the binding specifi city (mannose vs. galactose). These observations provide a simple 
and very popular approach to predicting whether a CTLD of unknown function is likely to bind 
sugar (“EPN” and “WND” present), and whether it would preferentially bind mannose- or galactose-
type ligands (“EPN” vs. “QPD”). This simple prediction technique [25] is widely used and has 
proven to be reliable in many cases, although, as discussed next, the mechanism of such selectivity 
is not completely explained.
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The fi rst crystallographic study of a complex between a CTLD and a carbohydrate was carried 
out on rat mannose-binding protein (MBP-A) and the N-glycan Man6-GalNAc2-Asn [26]. In the 
structure obtained, a ternary complex between the terminal mannose moiety of the oligosaccharide, 
the Ca2+ ion bound in site 2 and the protein was observed. The complex is stabilized by a network of 
coordination and hydrogen bonds: oxygen atoms from the 4- and 3-hydroxyls of the mannose form 
two coordination bonds with the Ca2 + ion and four hydrogen bonds with the carbonyl side chains that 
form the Ca2+-binding site 2 (Figure 6.3). This bonding pattern is fundamental for CTLD/Ca2+/mono-
saccharide complexes, and is observed in all known structures. It is also a major contributor to the 
binding affi nity, especially in CTLDs specifi c to the mannose group of monosaccharides. For exam-
ple in MBP-A, mannose atoms form very few interactions with the protein other than hydrogen/
coordination bond formation by the two equatorial hydroxyls, and extensive mutagenesis screen-
ing has shown that the only other signifi cant contributor to mannose binding is the Cβ group from 
His189 that forms a hydrophobic interaction with the sugar [27].

The positioning of hydrogen donors and acceptors in the binding sites has two important conse-
quences. First, it determines the overall positioning and orientation of the ligand in the binding site. 
It may be seen from Figure 6.3A that the sugar-binding site of CTLDs has a twofold symmetry axis 
relating the sugar hydroxyls and that the hypothetical sugar shown could be rotated by 180° without 
introducing any changes to the bonding scheme. It is now known that this is indeed the case, although 
some early modeling and mutagenesis studies were based on the assumption that the orientation of 
the sugar was fi xed. However, when the structure of a complex between rat MBP-C with mannose 
was determined, the orientation of the bound mannose was opposite to the orientation observed in 
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FIGURE 6.3 (See color insert following blank page 170. Also see CD for color fi gure.) Ca2+-dependent 
monosaccharide binding by CTLDs. (A) Structure of the complex of mannose-binding protein A, Ca2+ ion and 
mannose (PDB 2msb). Coordination bonds are orange. Hydrogen bonds where the sugar hydroxyls act as 
acceptor and donor are red and blue, respectively. The Ca2+ atom is shown as a blue sphere. (B) A schematic 
representation of a Ca2+-hexose-CTLD complex. Two hydroxyl oxygens and the ring of the hexose are shown. 
The Ca2+ atom is shown as a large gray sphere, and oxygens as circles and ovals. Protein groups that act as 
hydrogen donors and acceptors are not shown. Arrows show the direction of hydrogen bonds in mannose-
specifi c CTLDs, while light-gray arrows indicate the changed directions in galactose-specifi c CTLDs.
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MBP-A [28], and further studies revealed some of the factors that determine the preferred orienta-
tion [29]. Although the rat MBPs are the only established example of a CTLD that can bind carbo-
hydrates in both orientations, it is known that different CTLDs bind the same monosaccharide in 
different orientations, for example binding of galactose to the galactose-binding MBP-A mutant and 
CEL-I versus that for TC-14 lectin.

The second constraint imposed by the Ca2+-coordination site on the ligand defi nes the properties 
of the carbohydrate hydroxyls that the site can accept. This is best demonstrated by the mechanism 
of discrimination between the mannose and galactose groups of monosaccharides by CTLDs. Early 
in the history of CTLDs, an important correlation between the residues fl anking the conserved cis-
proline in the long loop region (Figure 6.1), which are involved in Ca2+-binding site formation and 
the specifi city for either galactose or mannose was made. In all mannose-binding proteins known at 
that time, the sequence of the motif was EPN (E185 and N187 in MBP-A), whereas in the galactose-
specifi c CTLDs it was QPD (Gln-Pro-Asp). In a series of elegant mutagenesis experiments, 
Drickamer has shown that replacing the EPN sequence in MBP-A with a galactose-type QPD 
sequence is suffi cient to switch the specifi city to galactose [30], and that further modifi cations 
around the binding site (mainly introduction of a properly positioned aromatic ring to form a 
hydrophobic interaction with the apolar face of the sugar) can increase the affi nity and specifi city of 
the mutant MBP-A for galactose to the level observed in natural galactose-binding CTLDs [27].

Crystallographic analysis of the galactose-specifi c MBP-A mutant showed that the EPN to QPD 
change does not cause any serious restructuring of the Ca2+-binding site 2 geometry [31]; this sug-
gested that the key switch in the specifi city was induced by swapping the hydrogen-bond donor and 
acceptor across the monosaccharide-binding plane and changing the hydrogen-bonding pattern from 
the mannose-type asymmetrical (Figure 6.3B, dark-gray arrows) to galactose-type symmetrical 
(Figure 6.3B, light-gray arrows). The same distribution of hydrogen-bonding partners was observed 
in the galactose-binding lectin TC-14 from the tunicate Polyandrocarpa misakiensis [32]. The TC-14 
CTLD contains an unusual EPS motif in the long loop region, which is similar to the motifs of the 
mannose-binding proteins but contains a serine as a hydrogen-bond donor instead of the asparagine 
in MBP-A. The crystal structure revealed that due to a compensatory change on the opposite side of 
the ligand-binding site (the “WND” motif is changed to LDD), and a 180° rotation of the galactose 
residue compared with the orientation observed in the galactose-binding MBP-A mutant, the 
symmetrical pattern of the hydrogen bonding is maintained.

Although many of the determinants of the monosaccharide-binding specifi city have been established 
experimentally, the mechanism underlying them is still unclear [4]. Mutual spatial disposition of 
bonded hydroxyls, which was initially suggested to be the main contributor to the specifi city, is no 
longer considered so important; a growing number of crystal structures of CTLDs with the MBP-A-
like (“asymmetrical”) distribution of hydrogen-bond donors and acceptors have demonstrated that 
the core binding site is compatible not only with any two equatorial hydroxyls (3- and 4-OH of man-
nose and glucose, 2- and 3-OH of fucose), but also with a combination of an axial and an equatorial 
hydroxyl (3- and 4-OH of fucose, as in E- and P-selectin structures). A comparative study of different 
lectin–carbohydrate complexes published by Elgavish and Shaanan [33] suggests that additional 
stereochemical factors need to be taken into consideration. These authors noted the unique cluster-
ing of hydrogen-bond donors and acceptors around the 4-OH hydroxyl group in all structures they 
compared, which was not observed for other hydroxyls: in a Newman projection along the O4–C4 
bond, hydrogen bond acceptors are never gauche to both vicinal ring carbons (C3 and C5), and thus 
the 4-OH proton is always pointing outside the ring. Poget et al. [32] confi rmed this observation and 
also noted that in CTLDs the same rule is also true for the 3-OH proton. However, no explanation of 
the unique stereochemistry of the 4-OH binding orientation has been offered.

In summary, whole-genome studies of the CTLD family published by Drickamer and his 
colleagues focused on the evolution of the carbohydrate-binding properties and used the prediction 
methods discussed above to classify the CTLDcps they found according to their likelihood or not to 
bind carbohydrate at the main sugar-binding site, and to ascribe monosaccharide specifi city for the 
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former [3,5,6]. Although our approach and scope for the F. rubripes genome study was somewhat 
different [7], for the carbohydrate-binding prediction part, we used the techniques developed by 
Drickamer and coworkers.

6.4 CONCLUSION AND FUTURE DIRECTIONS

Systematic comparative studies have provided important insights into the function of the C-type 
lectin family [4]. Sequence and tertiary structure comparison have led to defi nition of residue motifs 
associated with the Ca2+ and carbohydrate binding, as well as crucial interactions between different 
parts of the domain stabilizing the fold [1,2]. Classifi cation of the family members into groups has 
facilitated prediction of the oligomerization and ligand-binding properties for newly found members 
[2,3,7,25]. Comprehensive genome-wide surveys and interspecies comparisons have led to detec-
tion of novel members of this otherwise well-studied family [3,5–7]. Integration of various bioinfor-
matic tools and databases with custom software has made it possible to combine sequence, structural, 
and genomic information for thousands of proteins from a family the size of CTLDcps to revise and 
annotate it in a manual or semiautomated manner, and to query the resulting high-value-added data 
in a fl exible way, fi nding quick answers to questions that would otherwise be intractable [7,13].

Application of these systematic and comprehensive approaches to CTLDcps has greatly expe-
dited understanding of the evolution of structure and function of the whole superfamily, especially 
the carbohydrate-binding C-type lectin groups, and provided a molecular level view of how the 
functional versatility of the domain is related to its sequence and 3D structure. The results of these 
studies have posed many new questions and provided a strong framework to guide design of future 
experimental and bioinformatic investigations.
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7.1 INTRODUCTION

Cell surface glycans, such as glycocoproteins and glycolipids, encode information that modulates 
interactions between cells, or between cells and the extracellular matrix (ECM), by specifi cally 
regulating the binding to cell surface-associated or soluble carbohydrate-binding receptors such as 
lectins. Since the time of their discovery in the late nineteenth century and beyond a strictly utilitarian 
role as useful reagents, lectins from numerous invertebrate and vertebrate species have been 
subject to a variety of studies aimed not only at the characterization of their biochemical, molecular 
and structural properties, but also to gain insight into their biological roles. In this regard, lectins 
have constituted an enigmatic group of proteins and it has long been deemed reasonable to postulate 
that their physiological roles in any particular cell or tissue relate in some way to their carbohydrate-
binding properties. Thus, detailed and useful descriptions of biochemical properties such as sugar 
specifi city and requirement of cations for binding, as well as subcellular and tissue distribution are 
available for many animal lectins. For some animal lectin families, comparative approaches have 
made substantial contributions to the understanding of their evolution in their gene organization, 
structural aspects, and biochemical properties, and the early reports focused primarily on their 
possible roles in fertilization and immune responses. Although these studies provide a solid 
foundation for gaining a better understanding of these proteins, conclusions drawn in regard to 
their functional aspects have been mostly speculative. The modern era of research on animal lectins 
has seen a vast expansion on these foundations and a considerable body of experimental evidence 
from biochemical and structural approaches has led to fairly sound conclusions about their diverse 
roles within intracellular compartments, at the cell surface, and between cells or cells and the 
ECM, thereby mediating roles in intracellular traffi cking, protein folding, and signaling in various 
aspects of development and immunity (see the appropriate chapters in later sections of this volume). 
It is only in the past decade, however, that the use of genetically tractable animal model systems 
and the availability of their fully sequenced genomes has allowed us to fully appreciate the 
diversity of their lectin repertoires and has enabled the rigorous demonstration of function for any 
given member.

7.2 INVERTEBRATES AND PROTOCHORDATES

7.2.1 STUDIES ON LECTINS FROM INVERTEBRATE AND PROTOCHORDATE SPECIES

Lectin repertoires of invertebrates and protochordates are ample and complex, with representatives 
of most lectin families described so far in vertebrates, including mammals. The identifi cation of 
lectin consensus carbohydrate-recognition domain (CRD) sequences in the genomes of invertebrate 
models, including Drosophila melanogaster [1], Caenorhabditis elegans [2], and Anopheles 
gambiae [3], has signifi cantly contributed to the full characterization of their lectin repertoires, and 
provided insight into their biological and evolutionary roles [4,5].

In 1899, a lectin secreted from the albumin gland of the snail Helix pomatia was described as 
having agglutination properties for erythrocytes [6]. In later studies, the designation of lectins from 
snail eggs as “protectins” was proposed to suggest that the lectins provide internal protection for the 
eggs and embryos against microbial or fungal infection, possibly by immobilizing the microbes into 
cross-linked aggregates that would be readily phagocytosed and digested by phagocytic cells [7]. 
Further characterization of the H. pomatia hemagglutinin (HPA) [8] led to its use for bacterial clas-
sifi cation for determining the antigenic structures of cell surfaces and for analyzing glycolipids and 
glycoproteins [9]. More recently, resolution of the structure of HPA has further advanced our under-
standing of animal lectin structure though a novel β-sandwich lectin fold as well as a novel hexa-
meric quaternary state [10].

Studies on arthropod species, including chelicerates such as the American horseshoe crab Lim-
ulus polyphemus, and crustaceans such as the lobster Homarus americanus, the crab Eupagurus 
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prideauxii, and the spider crab Maia squinado, have provided evidence that lectin expression could 
be induced by immune challenge and exhibited opsonic properties [11–15]. Further studies on 
horseshoe crabs, including L. polyphemus, the Japanese Tachypleus tridentatus, and the Indian 
Carcinoscorpius rotundicauda, and other chelicerates have yielded useful information on the bio-
chemical properties, molecular structures, and biological functions of various defense molecules, 
including sialic acid binding lectins [15–17]. The T. tridentatus innate immune recognition system 
includes humoral and cellular lectin repertoires with different carbohydrate specifi cities, with fi ve 
types of tachylectins (TL-1 to -5) and several bacterial agglutinins, which act synergistically to 
defend the horseshoe crab against invading microbes and foreign substances [16–18]. Further, 
tachylectin TL-P, which has a similar sequence to that of TL-1, is also present in the perivitelline 
fl uid of the horseshoe crab [19] and may thus represent a lectin important during embryogenesis 
[17]. Horseshoe crab hemocytes are fi lled with secretory granules that store these defense mole-
cules, while its hemolymph plasma contains additional proteins involved in innate immunity 
such as C-reactive proteins (CRPs) [20], α2-macroglobulin [21,22], and hemagglutinins 
[16–18,20,23].

Among insects, because of their large size and hemolymph volumes, lepidopteran larvae, 
particularly those of saturnid sphingid moths, have been used for studies on the innate immune 
responses including biochemical analyses of lectins and antimicrobial peptides, and studies of 
hemocyte function. The tobacco hornworm Manduca sexta, for example, is easy to rear and is 
well suited for studies of hemocytes and hemolymph proteins as the last instar larva reaches 
10–12 g, and ∼106 hemocytes can be collected from each individual. Although genetic studies are 
impractical with M. sexta, it is an excellent subject for experiments requiring protein purifi cation 
and for the study of protein interactions that occur in hemolymph [24]. M. sexta hemolymph 
harbors a group of proteins which bind to microbial surface molecules: hemolin, peptidoglycan 
recognition proteins (PGRPs), β-1,3-glucan recognition proteins (βGRPs), and C-type lectins 
(immulectins, IMLs) [24,25–31]. These hemolymph proteins function as pattern recognition 
receptors (PRRs) [30], forming complexes that stimulate immune responses including the proph-
enoloxidase (proPO) activation system. Hemolin synthesis in M. sexta is both developmentally 
regulated and strongly induced by microbial challenge [26,32]. M. sexta immulectin functions are 
discussed in detail in Chapter 26.

Similarly, studies on a variety of insect species such as the fl eshfl y Sarcophaga peregrina, the 
American cockroach Periplaneta americana, the silkworm Bombyx mori, and the West Indian leaf 
cockroach Blaberus discoidalis have contributed to our understanding of lectins involved in 
pathogen recognition and engulfment. These large insects are again useful for the biochemical 
purifi cation of candidate molecules as their volume of hemolymph is substantial [33]. Sarcophaga 
lectin was the fi rst C-type lectin-like domain (CTLD)-containing protein (CTLDcp) discovered in 
insects [34,35]. Although expressed in response to injury [35], its developmental expression pat-
tern suggests it may also play a role in the development of the wing and leg imaginal disk [36]. 
Another C-type lectin, granulocytin, was purifi ed from Sarcophaga hemocytes. Granulocytin is 
secreted into hemolymph in response to immune stimulation and shows signifi cant similarity to 
Drosophila lectin CRD-like sequences [37]. Two lipopolysaccharide (LPS)-binding C-type lec-
tins identifi ed in P. americana [38,39] are suggested to function as opsonins upon infection 
[39,40]. One, regenectin, is also expressed in regenerating leg [41–43]. Three C-type lectins with 
different sugar specifi cities as well as a β-1,3-glucan-specifi c lectin have been identifi ed in B. 
discoidalis [44,45]; these activate both proPO and the phagocytosis of microorganisms [46–48]. 
A mannose-binding homolog to the B. discoidalis β-1,3-glucan-specifi c lectin has been found in 
the mosquito A. stephensi [49], while in A. gambiae, candidate antimalarial immune genes include 
a mannose- and a galactose-binding lectin [50]. In addition, two lectins found in the mosquito A. 
stephensi represent the fi rst developmental stage-specifi c and/or sex-related lectins identifi ed in 
an insect [49].
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Oysters are bivalve mollusks relevant to fi sheries and aquaculture industries as well as to the 
ecosystem. As fi lter-feeding organisms, they play a critical role in maintaining water quality [51]. 
The eastern oyster (Crassostrea virginica) has been used as an important model to study the effects 
of environmental stressors [52]. However, the protozoan parasite Perkinsus marinus causes Dermo 
disease in the C. virginica and is responsible for catastrophic damage to shellfi sheries and the estua-
rine environment in North America. The infection mechanisms remain unclear, but it is likely that, 
while fi lter feeding, the healthy oysters ingest P. marinus trophozoites released to the water column 
by the infected neighboring individuals. Recently, large-scale expressed sequence tag (EST) 
resources have revealed at least four C-type lectins and a tandem-repeat galectin [53]. Additionally, 
a novel galectin of unique domain organization (four carbohydrate-binding domains) from hemo-
cytes of the C. virginica has recently been identifi ed and cloned [54]. The evidence indicates that this 
new galectin facilitates recognition of selected microbes and algae, thereby promoting phagocytosis 
of both potential infectious challenges and phytoplankton components, and that P. marinus subverts 
the host’s immune/feeding recognition mechanism to passively gain entry into the hemocytes.

Within the deuterostome lineage, echinoderms such as the purple sea urchin (Strongylocentrotus 
purpuratus) are important model organisms for developmental biology, immunobiology, and gene 
regulation studies. The Sea Urchin Genome Sequencing Consortium [55] has revealed several lectins 
including C-type lectins, and genes (homologs of C3, factor B, and mannose binding protein associ-
ated serine protease) that mediate the alternative and lectin complement pathways [56]. The unique 
intermediary position in evolution occupied by tunicates (Urochordata), between invertebrates and 
vertebrates, suggests these organisms may encompass extant examples of ancient defense mecha-
nisms. Multiple lectins (C-type, galectins, fi colins, and others) are present in plasma of the colonial 
tunicate Clavelina picta, among which a fucose-binding protein is a homolog of the mammalian 
mannose-binding lectin (MBL) [57]. The discovery of MBL-associated serine proteases in another 
tunicate species [58], key molecular partners in the lectin-mediated complement pathway found in 
humans [59,60], is further proof that these model organisms harbor homologs of mammalian defense 
molecules. Study of the lectin-mediated defense pathways in these model organisms is very useful 
since factors that would otherwise compete for a lead role in defense in a higher model system, such 
as antibodies, are absent in tunicates.

7.2.2  ASSESSMENT OF LECTIN FUNCTION USING GENETICALLY 
TRACTABLE INVERTEBRATE AND PROTOCHORDATE MODEL SYSTEMS

7.2.2.1 Caenorhabditis elegans

Relatively recently, insight into lectin functions has been gained from the model organism C. elegans 
[2], considered to be the most completely understood metazoan in terms of anatomy, genetics, devel-
opment, and behavior [61]. The complete genome sequence of C. elegans provides an opportunity to 
gain a global picture of the role of proteins in a simple multicellular organism [2,62]. Extensive and 
powerful genetic methodologies have been developed for this organism [61]. C. elegans has further 
emerged as a model system for investigating innate immunity. Since C. elegans has no cellular immune 
system, the coating of pathogens by C. elegans lectins might play a simple yet essential neutralization 
role [5]. The worm has been found to mount pathogen-specifi c protective responses to a variety of 
fungal and bacterial pathogens. Proteins which might enable such recognition include numerous 
CTLDcps found within the worm genome [5]. Screening methods specifi cally designed to monitor 
increased sensitivity to infection have succeeded in fi nding components of the immune signaling appa-
ratus, suggesting that further experiments in the same vein will, in time, defi ne these molecules of 
recognition [5,63]. In addition to numerous C-type lectins (discussed in the following sections), the 
completed C. elegans genome [2] revealed 26 putative galectin sequences [64]. Further, homologs for 
two types of lectins involved in sorting events within lumenal compartments of cells, including a cal-
nexin precursor [65], and two proteins homologous to the L-type lectins, ERGIC-53 and VIP-36 
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[66,67], were found. However, no mannose 6-phosphate receptors homologs have been identifi ed in 
C. elegans [62]. A comprehensive analysis of the C. elegans genome identifi ed numerous CTLDcps. 
Nineteen of the 183 CTLDs (within 135 proteins [5,68]) identifi ed in C. elegans contain most of the 
fi ve residues needed to form the primary Ca2+-binding site found in vertebrate C-type CRDs [4,62]. 
Four of these 19 show perfect conservation of the fi ve Ca2+ -binding site residues found in rat serum 
mannose-binding protein (MBP) [62]. The preferential binding of mannose and N-acetyl-glucosamine 
afforded by these residues in MBP enables this protein to specifi cally recognize carbohydrates on 
pathogenic microorganisms. Thus, these C. elegans C-type-lectin-like proteins may function similarly 
to MBP [5,69], while the remainder of the identifi ed CTLDcps may possess novel ligand binding 
properties. The anatomical expression patterns and regulation of expression of a number of the identifi ed 
CTLDcps are consistent with functions in pathogen surveillance [5].

7.2.2.2 Drosophila melanogaster

Although large insects have proven extremely useful in purifying hemolymph lectin components 
for characterization, in vivo studies of these molecules are hampered by the lack of genetic tools in 
these insect models. In contrast, the genetic tools available in the fruitfl y D. melanogaster are 
extremely powerful, aided by the available genomic sequence of this organism [1,33]. The close 
phylogenetic relationship of, for example, the fl eshfl y to the fruitfl y, has enabled relatively easy 
identifi cation of Drosophila homologs of lectins of interest [70] and approaches have been devel-
oped to test the role of candidate molecules in vivo. Drosophila is thus extremely useful in geneti-
cally dissecting the mechanisms of lectin recognition and will continue to provide new insights on 
the potential roles of lectins in immunity and development [33]. A prototype galectin and fi ve 
tandem-repeat type galectins have been identifi ed in the genome of D. melanogaster [1,71]. 
Homologs of both calnexin and calreticulin, important chaperones ensuring proper glycoprotein 
folding in the endoplasmic reticulum, are found in Drosophila. Orthologs of members of the L-type 
lectin family, ERGIC-53 and VIP-36, which are involved in protein sorting and traffi cking, are also 
found in Drosophila [4].

Comparisons of protein sequences of known Drosophila lectins with EST sequences have 
identifi ed 19 novel C-type lectin open reading frames in Drosophila [72]. Comparative analysis 
of these Drosophila C-type lectin genes continues to shed light on the evolution of C-type lectins 
[73]. Further, a cluster of three C-type lectin genes on the genome of D. melanogaster revealed 
the presence of more than 30 C-type lectin-like genes [4]. Analysis of these 32 Drosophila CTLDs 
revealed that only six show conservation of the primary Ca2+- and sugar-binding sites character-
ized in mammalian C-type CRDs [4]. Functions of such CTLDs (and their respective proteins) 
remain to be determined. The domain organization of these 32 CTLDcps is strikingly different 
from the organization of both the known mammalian C-type lectins and the C. elegans CTLDcps 
(discussed below) [62]. The lack of similarity suggests that most of these CTLDcps serve distinct 
functions in each of the organisms [4]. Further analysis of lectins in Drosophila will elucidate 
their biological role in immune systems since little is yet known about the participation of these 
C-type lectin genes in immunity [4,71,73].

7.2.2.3 Ciona intestinalis

A large EST project [74] and the draft genome sequence [75] of another model organism, the 
urochordate Ciona intestinalis, has also enabled in silico searches for lectin molecules. Ciona 
and other urochordates are attractive models in comparative and evolutionary immunology as 
studies of their immune systems may shed light on the evolution of the innate immune system 
in deuterostomes as well as the emergence of adaptive immunity [76]. The ascidian C. lavelina 
picta has a prototype galectin, while prototype and tandem-repeat galectins have been identifi ed 
in Ciona [62,75].
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7.3 VERTEBRATES

7.3.1 STUDIES ON LECTINS FROM VERTEBRATE SPECIES

Among ectothermic vertebrates such as fi sh, the C-type lectin, galectin, and pentraxin repertoires 
exhibit signifi cant diversifi cation [62]. In addition, selectin and macrophage mannose receptor gene 
sequences have been found in the genomes of zebrafi sh and pufferfi sh (zebrafi sh: www.zfi n.org; 
pufferfi sh: Ensembl accession code SINFRUT00000162546). Furthermore, putative natural killer 
(NK) cell C-type lectin receptors (CLRs) have been identifi ed in cichlid fi sh, demonstrating that 
these receptors appeared early in vertebrate evolution [62,77]. CLRs containing immunoreceptor 
tyrosine-based inhibition motifs have been identifi ed in the rainbow trout [78]. Pentraxins are also 
present in teleost fi sh, although the architecture of the native C-reactive proteins may be very differ-
ent from the human prototype [79–81]. Calreticulin and calnexin have also been identifi ed in teleost 
fi sh [82,83]. In amphibians, lectin repertoires are equally diversifi ed and the Xenopus spp. genomic 
databases have greatly contributed to their comprehensive analysis [64,84,85].

In fi sh, C-type lectins, galectins, and pentraxins have been identifi ed from the earliest jawed 
vertebrate to the more advanced teleost species, while fi colins and P-type lectins have yet to be 
identifi ed [64]. Considerable heterogeneity in lectins is seen in fi sh. Such heterogeneity is best dem-
onstrated by the fucolectins of the Japanese eel (Anguilla japonica) [86] which exists in at least 
seven expressed isoforms. Studies on the inducibility of C-reactive proteins from serum of the Indian 
major carp (Labeo rohita) have demonstrated a shift in expression from the normal form of C-reactive 
proteins to several structurally different isoforms [87].

Several fi sh have proved to be useful model organisms for gaining insight into structural, func-
tional, and evolutionary aspects of lectin biology. For example, the novel structure of the European 
eel (A. anguilla) agglutinin (AAA) defi ned not only a novel CRD sequence motif but also a novel 
lectin fold [88]. F-type lectins have since been identifi ed in a variety of taxa, including teleosts 
(zebrafi sh, steelhead trout, stickleback, and pufferfi sh) and Xenopus spp. [64]. Similarity searches in 
genomic databases revealed that the F-type sequence motif is phylogenetically broadly distributed, 
present in molluscs and planaria, horseshoe crabs [89] and insects [1,3], echinoderms [90,91], and 
skates, as well as in X. laevis and salamander [64].

Additional novel lectin families discovered in fi sh include the rhamnose-binding lectins from 
salmonids and the puffl ectins from Fugu. The rhamnose-binding lectins found in eggs of steelhead 
trout, catfi sh (Silurus asetus), and the white-spotted char (Salvelinus leucomaenis) are homologous to 
members of the low-density lipoprotein receptor superfamily [92]. Puffl ectins are MBLs that exhibit 
intriguing homology to lectins of monocotyledonous plants with similar sugar specifi cities [93,94].

Fish harbor a broad range of functionally active lectins with variable specifi city for a number of 
oligosaccharide targets, and are thus able to recognize an expansive repertoire of patterns on patho-
gen surfaces [95]. Such lectins include the MBL of Atlantic salmon (Salmo salar) [96] and the 
structurally similar ladderlectin of rainbow trout (Oncorhynchus mykiss) [97,98], the N-acetyl-
galactosamine-binding lectin of the blue gourami (Trichogaster trichopterus) [99,100], and the skin 
lectins of the Japanese eel (A. japonica) [101,102]. Pentraxins have been isolated in channel catfi sh, 
carp, snapper (Pagrus auratus), Atlantic salmon, common wolffi sh (Anarhichas lupus), cod (Gadus 
morhua), halibut (Hippoglossus hippoglossus), and rainbow trout [79–81]. Homologs of both caln-
exin and calreticulin are found in teleost fi sh [82,83], and of selectin and macrophage mannose 
receptor in zebrafi sh and pufferfi sh (zebrafi sh: www.zfi n.org; pufferfi sh: Ensembl accession code 
SINFRUT00000162546).

Among teleost fi sh, prototype galectins have been identifi ed in fl ounder (Paralichthys oliva-
ceus), medaka (Oryzias latipes), Atlantic salmon (S. salar), rainbow trout (O. mykiss), striped bass 
(Morone saxatalis), Japanese pufferfi sh (F. rupribes) and green-spotted pufferfi sh (Tetraodon nigro-
viridis), whereas tandem-repeat galectins are present in catfi sh (Ictalurus punctatus), salmon 
(S. salar), and both pufferfi sh species (reviewed in Ref. [64]). Several galectin sequences (three 
prototypes, one chimera type, and two tandem-repeat types) have been identifi ed and characterized 
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in zebrafi sh (D. rerio) (see Section 7.3.2.2) [103]. The chimeric tandem-repeat type galectin, identifi ed 
in zebrafi sh (Ahmed and Vasta, submitted), and the tandem-repeat 4 type, present in the eastern 
oyster [54], are yet to be identifi ed in mammals.

The best-studied of the fi sh CTLDcp are the serum antifreeze proteins (AFPs) found in cold-water-
living sea raven, Atlantic herring, and smelt. Herring AFP provides an interesting example of a 
CTLD in which bound Ca2+ interacts with a noncarbohydrate ligand [104–110] (reviewed in Refs. 
[111,112]). Several other soluble fi sh CTLDcps have been described (reviewed in Ref. [111]): fi ve 
isoforms of S. salar serum lectin [113], three collectins from different Cyprinidae carp family species 
[114], two C-type lectins from gills of Japanese eel [115], two lectins from rainbow trout liver [116], 
a carp lectin [117], and a liver lectin from Gillichthys mirabilis (long-jawed mudsucker) [118]. 
Known membrane-bound CTLDcps from bony fi shes include a polycystic kidney disease protein 1 
ortholog from Fugu [119], a rainbow trout Kupffer cell receptor homolog [120], and a set of putative 
killer cell receptors from cichlids [77]. The only known CTLDcp sequence from cartilaginous fi shes 
is a tetranectin homolog from reef shark cartilage [121].

The F. rubripes genome [122] was the second vertebrate genome to be sequenced. It is eight 
times smaller than the human genome and is an effective genomic comparator because of its low 
content of repetitive elements and the relatively large evolutionary distance between fi sh and mam-
mals. Further, the compactness of the Fugu genome makes it an extremely convenient reference 
sequence for identifi cation of new genes [111]. An analysis of CTLD family members present in 
F. rubripes was conducted using the draft genome sequence [111]. The study verifi ed 32 CTLD-
containing gene structures and predicted 63 new ones. In general, the results showed that all but two 
groups of CTLDcps identifi ed in mammals are also found in fi sh, and that most of the groups have 
the same members as in mammals. The Fugu genome study suggested a tentative link between the 
vertebrate and invertebrate CTLD families: CTLDcps with domain architecture similar to the Fugu 
dual-CTLD group are present in invertebrates. The F1 group of predicted dual-CTLD-containing 
proteins in Fugu may therefore be the fi rst vertebrate group that has detectable homologs in inverte-
brates. Evidence suggests that F1 members from Fugu and zebrafi sh, and scarf proteins from Girar-
dia tigrina, may have evolved from the same predecessor [111,112]. Further invertebrate dual-CTLD 
proteins include the insect immulectins [27] and nine proteins from C. elegans [62]. Further, puta-
tive Fugu orthologs were predicted for several uncharacterized mammalian CTLDcps. Specifi cally, 
two loci with similarity to the salmon AFPs were found. All three selectin genes found in other ver-
tebrates are present in Fugu and have the same genome arrangement, while the NK cell receptor and 
lithostathine/Reg groups are not represented. In contrast, gene family expansions were seen in the 
DC-SIGN and MmanR groups [111]. In mammals, members of these subgroups are implicated in 
the binding and phagocytosis of a wide range of microorganisms [123,124]. Expansion of these 
groups in Fugu may refl ect a larger role for innate immunity in host defense in lower vertebrates 
[111]. Both of the Fugu collectins are well conserved compared with their human orthologs (~76% 
identity), suggesting their functional importance in both organisms. Surprisingly, however, Fugu has 
no orthologs for MBL (or pulmonary surfactant proteins) as have been found in other fi sh species 
(D. rerio, Cyprinus carpio, and Carassius auratus [114]). Given the role of MBLs in complement 
activation in mammals, and their presence and level of conservation in the carp family, it is possible 
that the Fugu MBL ortholog exists but is not covered by the draft genome sequence [111]. A novel 
group of fi sh dual-CTLD proteins found through analysis of the Fugu genome is not found in other 
vertebrates. These predicted proteins of unknown function may be homologous to invertebrate pro-
teins of similar domain structure and likely appeared at the earliest stages of CTLD family evolu-
tion. Further, they may represent the fi rst CTLDcp group reported to be shared by both invertebrates 
and vertebrates [111,112].

Among the amphibians, galectins have been identifi ed in members of the subclass Anura (frogs 
and toads). For example, a prototype galectin has been identifi ed in Rana catesbeiana [125,126], 
several members of all three types of galectins in Xenopus laevis [127–129], and a prototype galec-
tin in Bufo arenarum [130–134]. Galectin-like lectins have been found also in subclass Urodela, but 

7269_C007.indd   917269_C007.indd   91 9/6/2008   2:27:29 PM9/6/2008   2:27:29 PM



92 Animal Lectins: A Functional View 

their structural features are not known [135]. Biochemical (subunit structure) and molecular charac-
terization indicates that each amphibian species appears to have multiple galectins—the diversity is 
generally observed in other organisms [129,136]. All amphibian protogalectins showed remarkable 
structural similarities with the mammalian galectin-1. Sequencing analyses resulted in at least two 
galectin-1 like sequences for X. laevis and R. pipiens. Three additional protogalectins (two 
galectin-1 like sequences and one isoform of the previously described 16 kDa skin galectin) have been 
reported in X. laevis [128,129].

The largest and the best-studied group of nonmammalian vertebrate CTLDcps is that of the snake 
venom CTLDs [112]. Homologous sequences have been found in X. laevis, but not in fi sh, implicat-
ing snake CTLDs as representative of an ancestral group of CTLD proteins, which appeared after the 
split between Actynopterigia and Sarcopterygia [111,112]. Based on the occurrence of CTLDs in the 
venoms of snakes from the Viperidae and Elapidae families, it has been suggested that two different 
groups of CTLDs were recruited independently as venom toxins [137]. A third group of CTLDcps 
that independently evolved to support a newly acquired clade-specifi c function may then be repre-
sented by the phospholipase A2 inhibitors (PLIs), thought to be important in self-protection from 
venom toxicity [112]. The abundance and functional diversity of the CTLDcps from these subgroups 
provides a good example of the suitability of the domain for rapid generation of new physiological 
activities, and a parallel to the independent expansion of CTLDcps in mammals [112].

Avian lectin representatives have been identifi ed in chicken, duck, and quail. The sequencing of 
the chicken genome [138] has confi rmed that counterparts of the mammalian immune system, 
including paradigms of cellular immunity, exist in avian species [139–141]. The complete sequenc-
ing of the chicken major histocompatibility complex (MHC) identifi ed lectins of two types (B-NK 
and B-Lec) [142]. The quail MHC carries six lectin genes similar to B-Lec and four NK lectin genes 
[143]. The presence of the avian lectin genes within the MHC suggests an evolutionary connection 
between these two arms of the immune defense against pathogens in birds [144]. An EST project to 
identify immune-relevant genes in the White Peking duck (Anas platyrhynchos), an important 
animal model for hepatitis B research, identifi ed over 200 immune-relevant genes, including lectin-
like immunoreceptors [144,145]. Two distinct families of lectins were identifi ed in the duck. One 
family clusters with C-type lectins and shows similarity with the chicken gene 17.5 [145,146]. Other 
closely related genes include the MHC-encoded B-lectin of the chicken and the NKC-encoded 
murine CLR family [144,147]. The other family is weakly homologous to several antigen-presenting 
cell lectins, including dendritic cell immunoreceptor (DCIR) [145,148]. A group of CTLDcps has 
been found as a major component of bird eggshell matrix and includes proteins from chicken, goose, 
and ostrich [112,149–151]. Interestingly, additional CTLDcps interacting with the Ca-rich mineral 
phase have been reported in mollusk [152], sea urchin [153], and mammals [154,155]. Of these, 
only mammalian lithostathine can be considered homologous to the bird sequences, indicating that 
these disparate examples of CTLD involvement in calcite-containing biocomposite formation are 
the result of convergent evolution [112].

7.3.2  ASSESSMENT OF GALECTIN FUNCTION USING GENETICALLY 
TRACTABLE VERTEBRATE MODEL SYSTEMS

7.3.2.1 Studies on Murine Models

Rodents, particularly mice, are well-established animal models in experimental research by virtue 
of their remarkable similarities with humans, short lifespan, rapid reproductive cycle, and their rela-
tively simple maintenance and handling. A number of knockout models have been generated to 
examine the biological functions of endogenous glycan-binding proteins. Targeted disruption of 
lectin genes in vivo has provided a fi rst round picture of the physiopathological relevance of lectins 
in a wide spectrum of biological events. In addition, compelling evidence demonstrates the thera-
peutic benefi t of exogenous lectins or the inhibition of protein–glycan interactions in a variety of 
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pathological disorders including infl ammation, neurodegeneration, and cancer [156]. We will high-
light here some examples illustrating the use of mouse models to study the role of glycan-binding 
proteins, particularly galectins, in a number of physiopathological settings.

7.3.2.1.1 Role of Endogenous Galectins in Vivo: Lessons from the Study of Knockout Mice
In 1993, Poirier and Robertson reported the generation of galectin-1-defi cient (Lgals1−/−) mice; 
these mice were viable, fertile, and did not show major spontaneous phenotypic abnormalities, 
suggesting that other proteins might potentially compensate for the absence of this lectin [157]. 
However, after a careful examination of particular systems, these mice showed a defi ciency in the 
olfactory network [158] and a reduced thermal sensitivity [159]. In these mice, the neuronal sub-
population in the olfactory bulb, which normally expresses galectin-1, does not reach the appro-
priate targets in the olfactory glomeruli and altered topography of the olfactory network is 
observed [158].

Regarding the modulation of neuronal processes, Plachta et al. recently showed, using Lgals1−/− 
mice, that galectin-1 actively participates in the elimination of neuronal processes by induction of 
cell death [160]. On the other hand, Sakaguchi et al. showed, following phenotypic analysis of these 
mice, that galectin-1 promotes proliferation but not death of adult neural stem cells in the adult brain 
[161]. In addition, evidence from the study of knockout mice revealed a positive role for galectin-1 
in fusion of myoblasts and muscle regeneration in vivo after recovery from induced injury [162]. 
Therefore, it seems possible that galectin-1 may contribute to proliferation, death, or differentiation 
of distinct cell types depending on different circumstances including the differentiation and activa-
tion stage of target cells and the dominant physiological or pathological microenvironment.

Given the immunomodulatory effects of galectins in different experimental settings (Ref. [156] 
and Chapter 27), it has been hypothesized that these proteins may play a critical, but specifi c role in 
the initiation, amplifi cation or resolution of innate and adaptive immune responses. Recent fi ndings 
from our laboratory demonstrated that Lgals1−/− mice have enhanced susceptibility to Th1- and 
Th17-mediated neuroinfl ammation when challenged with pathogenic stimuli [163]. These fi ndings 
were consistent with the ability of galectin-1 to selectively eliminate Th1 and Th17 cells, while spar-
ing Th2 cells [163]. Further investigation of the mechanisms involved in this selective effect revealed 
that Th1 and Th17 cells express the repertoire of cell surface glycans that are critical for galectin-1 
binding and subsequent cell death, while Th2 cells are protected from galectin-1 through increased 
α2,6-sialylation of cell surface glycoproteins [163]. In addition, we found that macrophages recruited 
to the peritoneal cavity of Lgals1−/− mice in response to infl ammatory stimuli showed signifi cantly 
increased expression of MHC-II, which conferred to these macrophages an enhanced capacity to 
stimulate the allogeneic T cell response in vitro [164]. In this regard, Garin et al. observed a reduced 
regulatory activity of CD4+ CD25+ T cells obtained from galectin-1 null mutant mice, indicating that 
galectin-1 is a key mediator of the immunosuppressive activity of regulatory T cells [165]. In addi-
tion, very recent work using Lgals1−/− mice revealed that galectin-1 also infl uences vascular responses 
by modulating chronic hypoxia-induced pulmonary hypertension [166].

Regarding other members of the galectin family, Colnot et al. [167] and Hsu et al. [168] inde-
pendently reported a similar phenotype for galectin-3 null mutant (Lgals3−/−) mice. Similarly to 
galectin-1-defi cient mice, Lgals3−/− and double mutant mice [Lgals1−/−; Lgals3−/−] were viable, fer-
tile, and had no developmental abnormalities [169]. However, further characterization of Lgals3−/− 
mice revealed an altered infl ammatory response. A reduced infl ammatory cell infi ltration was 
observed in the peritoneal cavity of Lgal3−/− mice in response to challenge with thioglycollate [168]. 
Hence, Lgals3−/− mice were useful in elucidating the critical role of galectin-3 as a novel proinfl am-
matory mediator. Most recently, Liu’s group has investigated the relevance of galectin-3 as a modu-
lator of mast cell functions, showing that Lgals3−/− mice exhibit reduced mast cell degranulation and 
diminished passive anaphylactic reactions compared with wild-type littermates [170]. Moreover, 
Lgals3−/− mice exhibited lower airway allergic infl ammation in an experimental model of systemic 
sensitization with ovoalbumin followed by an airway antigenic challenge compared with wild-type 
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mice [171]. In addition, challenge of these mice with the intracellular parasite Toxoplasma gondii 
recently revealed a critical proinfl ammatory role of galectin-3 in the regulation of innate and adap-
tive immune responses [172]. Lgals3−/− mice infected with this parasite exhibited lower infl amma-
tory infi ltrates in the gut, liver and brain compared with wild-type mice [172]. It is noteworthy, 
however, that infl ammatory foci were more pronounced in the lungs of Lgals3−/− mice in the late 
stages of infection when compared with their wild-type counterpart. Interestingly, studies using 
these mutant mice have also revealed the ability of galectin-3 to regulate the Th1/Th2 cytokine bal-
ance. In the model of allergic airway infl ammation, Lgals3−/− mice showed decreased IL-4 and IgE 
levels and elevated amounts of IFN-γ and IgG2a antibodies in alveolar fl uid and serum compared 
with wild-type mice [171]. Accordingly, Lgals3−/− mice exhibited a signifi cantly higher Th1 response 
upon infection with T. gondii compared with their wild-type counterparts [172].

Furthermore, using a model of corneal wound healing Lgals3−/− mice evidenced a slower 
regeneration of injured corneal tissue, indicating that galectin-3 may positively infl uence the healing 
process [173].

Although the abovementioned studies support an essential role for galectin-1 and -3 in the 
regulation of neuronal, infl ammatory, and vascular processes, a more careful examination of the role 
of galectins in vivo is still required, probably through the generation of single or double null mutant 
mice for other galectin family members. These results are critical to clearly demonstrate the redun-
dant or critical roles of individual galectins in physiological and pathological processes.

7.3.2.1.2 Protective Role of Galectins during Infl ammatory Processes
A variety of experimental mouse models have been extremely useful to address the role of galectins 
during infl ammatory and autoimmune responses [156]. Early in the 1980s, Levi et al. [174] 
reported the preventive and therapeutic effects of electrolectin, a galectin-1 homolog purifi ed 
from the fi sh Electrophorus electricus, in an experimental model of autoimmune myasthenia 
gravis in rabbits. Since then, the anti-infl ammatory properties of galectin-1 have been evaluated 
in several rodent models of chronic infl ammation and autoimmunity including experimental auto-
immune encephalomyelitis [163,175], collagen-induced arthritis [176], concanavalin A-induced 
hepatitis [177], hapten-induced colitis [178], interphotoreceptor-binding protein-induced uveitis 
[179], autoimmune diabetes [180], and graft versus host disease [181]. In 1999, our group dem-
onstrated that a single cell injection of syngeneic fi broblasts engineered to secrete galectin-1 on 
the day of the disease onset abrogated clinical and histopathological manifestations of collagen-
induced arthritis in an experimental model of rheumatoid arthritis in DBA/ 1 mice [176]. This 
effect was also observed in response to daily injection of recombinant galectin-1. Similarly, Santucci 
et al. [177,178] found that galectin-1 treatment prevented tissue injury and T-cell-mediated infl am-
mation in animal models of concanavalin A-induced hepatitis and infl ammatory bowel disease 
[177,178]. Furthermore, the ability of galectin-1 to restore immune cell tolerance and homeosta-
sis in vivo has also been investigated in experimental autoimmune uveitis, a T-cell-mediated 
mouse model of retinal disease [179]. Treatment with galectin-1 either early or late during the 
course of experimental autoimmune disease was suffi cient to suppress clinical pathology and 
counteract pathogenic Th1 cells [179]. These results highlight the ability of this endogenous lectin 
to counteract Th1- and Th17-mediated responses through different, but potentially overlapping 
anti-infl ammatory mechanisms (i.e., specifi c elimination of pathogenic Th1/Th17 responses, 
expansion of regulatory T cells, and modulation of the Th1/Th2 cytokine balance). In addition, 
recent evidence indicates that dendritic cells engineered to overexpress galectin-1 can delay the 
onset of autoimmune diabetes and insulitis when targeted to infl ammatory sites [180]. Finally, 
Baum et al. investigated the protective effects of galectin-1 in a murine model of graft versus host 
disease [181]. Thus, galectin-1 can restore immune cell tolerance in several autoimmune, trans-
plantation, and infl ammation settings by acting as an anti-infl ammatory and immunoregulatory 
cytokine. In addition, other members of the galectin family have also been evaluated in vivo 
including galectin-9, which has been shown to ameliorate neuroinfl ammation in a mouse model 
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of multiple sclerosis by targeting Tim-3-positive Th1 cells [182]. From a therapeutic standpoint, 
these fi ndings suggest the potential use of galectin-1 for the selective treatment of Th1- and Th-17-
mediated infl ammatory disorders.

7.3.2.1.3 Dissecting the Role of Galectins in Tumor Progression
In addition to the role of galectins in infl ammatory processes, galectins can also contribute to tumor 
progression through many different mechanisms including modulation of cell migration, adhesion, 
angiogenesis, and tumor-immune escape (extensively reviewed in Refs. [183,184]). Even though the 
targeted disruption of galectin genes in mice does not result in overt phenotype abnormalities regard-
ing tumor progression, these mice do exhibit subtle but complex alterations during development and 
infl ammation, which might also compromise tumor development and tumor-associated infl amma-
tory responses.

The overall effects of galectins in vivo could be the combination of some or all of the effects 
described above [183,184]. Studies using mouse models have provided evidence for the role of 
galectins in tumor growth and metastasis [185,186]. Bresalier et al. demonstrated, using antisense 
strategies, a positive correlation between galectin-3 expression and the metastatic potential of colon 
cancer cells [185]. In addition, liver metastases of human adenocarcinoma xenotransplants in severe 
combined immunodefi cient (SCID) mice were found to be inhibited by administration of an antiga-
lectin-3 antibody [187]. Furthermore, in a metastatic model, breast carcinoma cells that overexpress 
transgenic galectin-3 are more resistant to apoptosis induced by reactive nitrogen and oxygen spe-
cies than control breast carcinoma cells, and therefore have a higher metastatic potential [188]. In 
this regard, using knockdown tumor transfectants, we found a link between galectin-1-mediated 
immunosuppression and tumor-immune escape [189]. Blockade of the inhibitory effects of 
galectin-1 within tumor tissue resulted in reduced tumor mass and enhanced tumor rejection in a 
syngeneic model of murine B16 melanoma [189]. These effects were accompanied by the genera-
tion of a potent tumor-specifi c T cell-mediated response [189]. Thus, galectins have emerged as 
promising molecular targets for cancer therapy and galectin inhibitors have the potential to be used 
as antitumor and antimetastatic agents [184]. Challenges for the future will be to select the most 
appropriate tumor models to elucidate the therapeutic effi cacy of different galectin inhibitors in vivo.

7.3.2.1.4 Other Lectins
Targeted gene disruption has been also of great value to establish the function of other glycan-
binding proteins or lectins including the role of selectins in leukocyte migration and homing [190]. 
Disruption of P-selectin gene revealed the essential role of this lectin in mediating leukocyte rolling 
in the absence of infl ammation. In addition, the use of knockout mice provided clear-cut evidence of 
the role of L-, E-, and P-selectins in leukocyte rolling during an infl ammatory response. Similarly, 
single gene disruption clearly demonstrated that P-selectin is responsible for early neutrophil recruit-
ment while the other selectins contribute to infl ammation at later stages [190]. Gene-defi cient mice 
also confi rmed the important role of L-selectin in the homing of naïve B and T cells through high 
endothelial venules of lymph nodes. Moreover, removal of endothelial selectins uncovered the 
hidden importance of E-selectin in leukocyte homeostasis and showed that the endothelial selectins 
were as critical for leukocyte extravasation as the leukocyte β2 integrins [190].

Surfactant proteins, SP-A and SP-D, are collagen-containing C-type lectins (collectins), 
which contribute to surfactant homeostasis and innate immunity [191]. These highly versatile 
carbohydrate-binding proteins are involved in a wide range of immune functions including viral 
neutralization and clearance of bacteria, fungi and apoptotic cells, downregulation of allergic 
reactions and resolution of infl ammation [191]. Studies involving gene knockout mice and models 
of lung hypersensitivity and infection have revealed the diverse roles of SP-A and SP-D in the 
control of lung infl ammation (reviewed in Refs. [192,193]). A careful examination gene-defi cient 
mice challenged with a variety of infl ammatory, neoplastic, and pathogenic insults will be critical 
for the elucidation of the pathophysiological relevance of lectin–carbohydrate lattices in vivo.
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7.3.2.2 Zebrafi sh (Danio rerio) as an Alternative Vertebrate Model System

Recent advances in the cell biology and technical manipulations of zebrafi sh are making this model 
increasingly more attractive for studies on growth development, immune function, and oncology 
[194]. It offers many advantages over mammalian systems [195,196]. For example, its external fer-
tilization, transparent embryos, and rapid development allow visualization the effects of genes 
involved in developmental processes, such as cell migration, organogenesis, etc. Moreover, the gene 
expression can be manipulated in zebrafi sh embryos and the effect of its expression can be analyzed 
easily. However, identifi cation of orthologs of the mammalian counterparts may require caution. 
Because it is believed that a genome duplication event took place after the divergence of teleost fi sh 
from the mammalian lineage, it remains unclear how much of the hypothetical duplicated genome 
is present in zebrafi sh [194]. If both orthologs are present, structural and functional divergence 
should be considered because the duplicated genes would tolerate a higher rate of mutation in 
sequence and function [194].

7.3.2.2.1 Embryogenesis
In recent years, zebrafi sh has been demonstrated to be a useful model for addressing developmental 
questions in higher vertebrates, including mammals [195–197]. In addition to the transparent and 
rapid developing embryos, a large number of mutations that affect early embryonic development 
have been characterized and mapped, making this model a powerful resource for genetic studies on 
the function and mechanisms of action of developmentally regulated genes.

7.3.2.2.2 Immune Function during Embryogenesis
In addition to its usefulness as a model for genetics and development, recent studies support the 
notion that zebrafi sh can be an equally attractive model for addressing fundamental questions in 
immunobiology [194,198–202]. Because of its external fertilization of transparent embryos, mor-
phological and cellular aspects, such as development of lymphoid tissues and infl ammatory cellular 
responses, can be directly examined and potentially manipulated at far earlier points in develop-
ment. Transgenic approaches can be employed more effi ciently and may be more informative for 
developmental studies of the immune system.

7.3.2.2.2.1 Innate Immunity
Zebrafi sh has emerged as a valuable model for studying innate immunity. In zebrafi sh, there is no 
expression of adaptive immunity components (such as T cells, B cells, rag 1 and 2, or Ig) before 
4 days postfertilization (dpf) [198], and therefore it can be assumed that until that time, the embryo 
relies heavily in innate immune mechanisms to fi ght infection. Among humoral components of 
innate immunity, the zebrafi sh exhibits cytokines and interferon [203,204], and pathogen-recogni-
tion molecules such as F-type lectins [88,205]. Cells that constitute hallmarks of innate immunity, 
such as granulocytes and macrophages, have been identifi ed and functionally characterized in 
zebrafi sh. These two distinct granulocytes and macrophages start circulating in blood as early as 
48 h postfertilization (hpf) [200]. Embryonic macrophages are actively phagocytic and can remove 
carbon particles from the circulation [200], phagocytose apoptotic corpses, and engulf and destroy 
large amounts of bacteria injected intravenously [199]. Both macrophages and granulocytes accu-
mulate at infl ammation sites in experimental wounds [200], and in experimental mycobacterial 
infections can form granulomas typical of mammalian models [201]. Molecular markers such as 
myeloperoxidase for granulocytes [200], and draculin and leukocyte-specifi c plastin for mac-
rophages [199] have been cloned and used to study myelopoiesis and infl ammatory responses in 
zebrafi sh early embryogenesis [199,200]. Furthermore it has been shown that although only a frac-
tion of the macrophage population goes to the site of infection, the entire population of macrophages 
get activated, a behavior similar to macrophages in mammals [199]. With regard to cellular responses, 
the transparent embryos are ideal for investigating early stages of lymphopoiesis and infl ammation 
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during early embryogenesis. Like mammals, zebrafi sh possess neutrophils and eosinophils [200]. 
Recently, several novel immune-type receptor (NITR) genes have been described in zebrafi sh [206]. 
Resolution of the complete NITR gene cluster has revealed the presence of C-type lectins within the 
same locus.

7.3.2.2.2.2 Adaptive Immunity
Similar to infl ammatory responses, the adaptive immune system of the zebrafi sh resembles that of 
higher vertebrates. This includes thymus organization and ultrastructure, germ line, and somatic 
diversity of Igs, general aspects of MHC, and patterns of expression of rag1 and rag2 genes [194]. 
Moreover, although only TCRα has been described in zebrafi sh [207], all four TCR isotypes are 
presumed to be present in zebrafi sh, as evidenced in related taxa (elasmobranchs). Furthermore, 
zebrafi sh is known to express sid1, which encodes a secreted immunoglobulin domain and shares 
structural properties with VpreB, a surrogate light chain that functions in early stages of B-cell 
receptor expression [194]. In mammals, maturation of B cells in bone marrow is modulated by inter-
actions of the surrogate chain in preB cells with galectin [208].

7.3.2.3 Experimental Infection and Disease

The well-developed adaptive and innate cellular immune systems make zebrafi sh an attractive model 
for the study of infectious diseases [202]. Zebrafi sh have been associated with disease developed 
from infections by Gram-positive and Gram-negative bacteria, fungus (L. mutabilis), and parasites 
such as nematodes, microsporidians, and dinofl agellates [194]. Experimental models for infectious 
disease by Streptococcus sp. and Mycobacterium sp. have been recently developed and character-
ized [201,202]. Following Streptococcus injection, zebrafi sh develop infections resembling not only 
those observed in farmed fi sh populations, but also human streptococcal diseases [202]. Like in 
human tuberculosis, infection of zebrafi sh with pathogenic mycobacteria produces granulomas, 
highly organized structures containing differentiated macrophages, and lymphocytes that sequester 
the pathogen. The transparency of zebrafi sh embryos, which in early stages have macrophages and 
granulocytes but lack lymphocytes, allows to directly visualize the events of mycobacterial infection 
and formation of granulomas in vivo, solely in the context of innate immunity [201]. Galectins have 
been proposed to mediate multiple roles in innate and adaptive immunity. Therefore, the zebrafi sh 
model should constitute an ideal model to dissect the functions of galectins before and after adaptive 
immunity becomes active in resistance to disease. As the study of galectins in experimental models 
of infection is developed, mutagenesis screens can be created to examine the genetics of galectin-
mediated disease resistance and susceptibility.

7.3.3 ZEBRAFISH AS A MODEL FOR STUDIES ON CANCER

The zebrafi sh has become an important model system not only for developmental studies, but also 
for cancer research [209–213]. The molecular conservation between human and zebrafi sh liver 
tumors was recently evaluated using comparative functional genomics [214]. Signifi cant similarities 
between fi sh and human in the expression profi les of orthologous genes according to histopathologic 
tumor grade were identifi ed, thus strengthening the rationale for using zebrafi sh as a cancer model 
system. Besides transparent embryos, fast growing and other advantages, zebrafi sh can easily be 
maintained in large numbers and all major organs can be conveniently examined in a few histologi-
cal sections, thus a zebrafi sh carcinogenesis study is more cost-effective, with greater statistical 
power than a mammalian study [215]. In the zebrafi sh system, both reverse and forward genetics 
approaches that allow genetic manipulation of cancer genes are amenable. For example, transgenic 
technology to drive the expression of specifi c oncogenes under tissue specifi c promoters to model 
certain cancer types [211,216] and target-selected mutagenesis strategy to generate and identify 
tumor suppressor mutants [217] can be performed in zebrafi sh. Moreover, the zebrafi sh model is 
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unique among other vertebrates because of its capacity for large-scale forward genetics and the use 
of phenotype-driven mutational screens, thus making it an ideal system for gene function discovery. 
Particularly, zebrafi sh can be manipulated genetically to produce tumor, thus making them valuable 
in dissecting pathways and identifying novel genes involved in neoplastic transformation 
[211,213,216,218,219]. Furthermore, these genetically manipulated cancer-prone fi sh can be used 
for high-throughput chemical screening for anticancer drugs and therapies [209,212,213,219–221]. 
Since large number of embryos can be produced per week, high throughput chemical screening for 
anticancer drugs and therapies can easily be performed. As galectins are known to be involved in 
apoptosis and tumor progression, the zebrafi sh cancer models can be examined for galectin-medi-
ated tumor progression pathways.

7.3.4 ZEBRAFISH CELL LINES

Various somatic cell lines (ZEM2S, ZF4, ZFL, SJD.1, AB.9) from zebrafi sh have been established 
(American Type Culture Collection [ATCC], Manassas, VA) and can be used for studying the expres-
sion of gene of interest and protein export at a cellular level. The cell lines ZEM2S [222] and ZF4 
[223] were established from zebrafi sh embryos (blastula and 1-day-old, respectively). The ZF4 cell 
line was derived from adult liver [224]. The SJD.1 and AB.9 are fi broblast cell lines derived from 
caudal fi ns of an adult zebrafi sh from strain SJD and AB, respectively [225]. In the presence of cells 
from a rainbow trout spleen cell line (RTS34st), zebrafi sh embryo cells were able to produce 
germ-line chimeras when introduced into a host embryo [226].

7.3.5 GALECTIN REPERTOIRES IN ZEBRAFISH

By using various approaches (protein purifi cation and characterization, cloning, and in silico data 
mining), we have identifi ed and characterized the zebrafi sh galectin repertoire: six prototype 
galectin-1 like lectin 1, 2, 3, 4, 5 from Danio rerio (Drgal1-L1, Drgal1-L2, Drgal1-L3, Drgal1-L4, 
Drgal5, DrGRIFIN), two chimera-type galectin-3 like lectin 1, 2 from D. rerio (Drgal3-L1, 
Drgal3-L2), and at least fi ve tandem-repeat type galectins (Drgal4, Drgal8, Drgal9L1, Drgal9-L2, Drgal9-L3 
[103,227,227a]) (see Table 7.1). All zebrafi sh galectins characterized showed remarkable structural 
similarities with mammalian galectins and this enabled their unambiguous classifi cation within the 
three well-established galectin groups. Galectin repertoires of protostome invertebrates and lower 
vertebrates appear to be limited to one or two galectin types [136]. For example, C. elegans and 
Drosophila have proto and tandem-repeat type galectins [136,228,229]. In this aspect, it is noteworthy 
that at the evolutionary level of teleosts, all three galectin groups (proto, chimera, and tandem-repeat) 
are already represented. Interestingly, a novel chimeric tandem-repeat galectin (Drgal Ch-TR) fused 
with a kinase suppressor gene has recently been identifi ed in zebrafi sh and shown to be upregulated 
upon immune challenge (Ahmed and Vasta, submitted).

7.3.5.1  Carbohydrate-Binding Specifi cities and Structures 
of Zebrafi sh Galectins Are Similar to Mammalian Galectins

Homology modeling of Drgal1-L2 [SWISS-MODEL, Version 36.0003 [230] at the SWISS-MODEL 
Protein Modeling Server (http://swissmodel.expasy.org)] based on the bovine (Bos taurus) spleen 
galectin/N-acetyllactosamine complex structure [231], revealed that all nine conserved residues 
forming the carbohydrate-binding site in most mammalian galectins are present in the putative bind-
ing site of Drgal1-L2, and that all side chains of these residues were within 0.5 Å of the equivalent 
side chains of the bovine spleen galectin (Figure 7.1A). Drgal1-L2 also has a histidine at position 52, 
like mammalian and toad galectin-1, and chicken-16 galectin, whereas the congerins, skin mucus 
galectins from the conger eel (C. myriaster) [232,233] have a glycine in the same position. The 
crystal structure of congerin II suggests that the tyrosine at position 51 in congerin I and II takes the 
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place of His52 in protein–carbohydrate interactions. The Drgal1-L2 model also reveals that in the 
loop between F4 and F5 from bovine spleen galectin, a tyrosine has been replaced by a serine in 
Drgal1-L2. Primary structure analysis reveals the presence of two additional residues at positions 66 
and 67 in congerin I, and an additional residue at position 67 in congerin II, as compared to the 
zebrafi sh and bovine spleen prototype galectins. When Drgal1-L2 was modeled on the structures of 
congerins I and II [232,233], these differences resulted in a larger loop between S5 and S6, thus 
generating a backbone discrepancy between the congerins structure and the Drgal1-L2 model 
(Figure 7.1B). The only other backbone difference is found where congerin I has the conformation-
ally extended N- and C-termini, where it is believed that congerin I undergoes intersubunit strand 
swapping when dimerized. With respect to energy minimization, Drgal1-L2 appears to favor the 
bovine spleen galectin and congerin II structure at the N- and C-termini. Congerin II may have an 
extended binding site beyond the nonreducing end of bound galactosides. Of the six residues suggested 

(A)

71

7352

54
48

68

61

46

44

(B)

His52

Tyr51

FIGURE 7.1 (See color insert following blank page 170. Also see CD for color fi gure.) Homology modeling 
of Drgal1-L2. (A) Drgal-L2 (yellow) was modeled to bovine spleen galectin-1 (blue), showing the side chains of 
nine conserved binding site residues of mammalian galectin-1. (B) Drgal-L2 (yellow) was modeled to congerin 
II (blue). The same nine side chains are shown as previously. Major differences in the binding site architecture 
are the His52 of Drgal1-L2 versus Tyr51 of congerin II, and the extended loop, highlighted by the red arrow, where 
the model is not supported due to additional residue (Ser62) in congerin II. (Reproduced from Vasta, G.R., 
Ahmed, H., Du, S., and Henrikson, D., Glycoconj. J., 21, 503, 2005. With permission from Springer.)
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interacting with the extended sugar, Drgal1-L2 possesses only three identical and two similar with 
congerin II. Drgal1-L2 has even fewer of these six residues in common with bovine spleen galectin. 
This analysis suggests that binding sites of the prototype zebrafi sh galectins are structurally similar 
to the mammalian homologs. However, they appear as less similar to the galectins from the conger 
eel, which are clearly nonorthologous gene products.

7.3.6 CURRENT APPROACHES TO ADDRESS BIOLOGICAL ROLES OF GALECTINS IN ZEBRAFISH

Several unique approaches have been established in the zebrafi sh model to address biological roles 
of genes of interest. These approaches are currently implemented in our laboratory to examine the 
biological roles of galectins in zebrafi sh. In the fi rst approach, the expression of the selected gene is 
blocked by injecting a morpholino-modifi ed antisense oligo against the corresponding mRNA that 
blocks protein translation [234,235] or a splicing blocker that interferes with intron/exon splicing 
[236]. In the second approach, ectopic expression is used to manipulate the activity of a gene prod-
uct in zebrafi sh embryos by either mRNA injection or DNA injection [237]. The expression and 
activity of the gene product can be inhibited or increased by specifi cally expressing a dominant 
negative or a full-length active form of that protein, respectively. The expression can be targeted to 
the specifi c tissue/organ of interest by using tissue-specifi c promoters [237]. In the third approach, 
mutants that affect the expression of the gene of interest are analyzed to determine possible interac-
tions between the mutant and the gene of interest and the potential functions of gene of interest. The 
last category includes a series of approaches such as bacterial challenges through incubation or 
injection into zebrafi sh embryos that pertain to elucidation of the potential roles of the proteins of 
interest in innate immunity during embryogenesis [238].

7.3.6.1 Antisense Morpholino Knockdowns

To examine the possible functions of galectins in zebrafi sh embryos, blocking of galectins expres-
sion is performed by injection of morpholino-modifi ed antisense oligo targeted to the galectin 
5¢UTR sequence near the ATG start site. To determine if the injection of antisense oligos effectively 
block galectin expression, whole mount antibody staining is performed on injected and uninjected 
embryos and compared the results. Histological analysis is performed with injected embryos to 
determine any developmental defect. Coinjections are also performed with the galectin mRNAs to 
rescue the developmental defect. Coinjection should rescue the development defect if the pheno-
type is galectin-specifi c [227].

7.3.6.2 Expression of Ectopic Galectin mRNA

7.3.6.2.1 Overexpression of the Gene of Interest
The phenotypic consequences of overexpression of the gene of interest can provide substantial 
information about its biological role [237,239]. For this purpose, the cDNA is cloned into a suitable 
vector and capped mRNAs are transcribed in vitro from the linearized plasmid DNA. The capped 
mRNAs are injected into 1–4 cell stage zebrafi sh embryos through microinjection. The injected 
mRNAs are distributed globally in the embryos. Consequently, proteins are made in ectopic sites 
that normally do not express these proteins. For example, injection of mRNAs encoding Drgal1-L2 
into zebrafi sh embryos results in ectopic expression in many cell types in addition to notochord cells 
that express the endogenous Drgal1-L2. Thus, this approach provides a useful tool to analyze the 
biological role of Drgal1-L2.

7.3.6.2.2 Repression of Galectin Function by a Galectin Dominant Negative Construct
Another powerful approach to analyze gene function in zebrafi sh embryos is the use of “dominant 
negative” approach, which is used to specifi cally block the function of a gene product in a specifi c 
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location. Protogalectin is a dimer of two identical noncovalently linked subunits, each of which 
houses carbohydrate-binding site on the opposite face [231]. Mutating the carbohydrate-binding site 
but keeping the dimer interface unaltered will create a mutant protein that can dimerize with the 
endogenous galectin but is unable to bind to carbohydrate on the mutant subunit side. Consequently, 
the wild-type mutant heterodimer will fail to establish an interaction between cells or between cell 
and ECM. Thus, the mutant protein will act as a dominant negative that can interfere with activity 
of the endogenous galectin.

7.3.6.2.3 Identifi cation of Notochord- and Muscle-Specifi c Promoters
Although ectopic expression through mRNA injection has been successfully used to study the func-
tion of many genes, the drawback of this approach is that the expression is not tissue-specifi c. As 
indicated above, Drgal1-L2 is expressed in the notochord of zebrafi sh embryos and the ideal approach 
to analyze its function is to disrupt its activity specifi cally in the notochord. For this purpose, a pro-
moter that targets protein expression to the notochord is identifi ed and characterized from the tiggy-
winkle hedgehog (twhh) gene [240]. As notochord infl uences the specifi cation and differentiation of 
skeletal muscles, it is of interest to specifi cally express wild-type or mutant galectins in muscle cells. 
To this goal, muscle-specifi c promoters derived from zebrafi sh myoD and myogenin genes have also 
been identifi ed and their activity analyzed in zebrafi sh embryos [241]. These promoters will be 
useful for expressing galectin genes in a tissue-restricted manner.

7.3.6.3 Analyses of Notochord Mutants for Expression of Drgal1-L2

The notochord-specifi c expression of Drgal1-L2 suggests that it may play a role in notochord 
formation. The in vivo requirement of laminin β1 and laminin γ1, which are galectin ligands for 
the differentiation of chordamesoderm to notochord [242], suggest that the mutants grumpy and 
sleepy, two zebrafi sh loci known to control notochord formation and encode laminin β1 and lami-
nin γ1, respectively, should be examined in detail with regard to galectin function. Several 
zebrafi sh mutants with defects in notochord development have been generated [243,244]. These 
mutants have been classifi ed into early or late defects. The early defect mutants include ntl, fl h, 
doc, and mom, and are involved in initial specifi cation and differentiation of notochord cells. Later 
defect mutants, such as sly, gup, qam, sno, drb, git, bal, blo, pun, and kon are primarily involved 
in maturation of the notochord. Although initial notochord formation appears normal in these 
mutants, the notochord cells failed to vacuolate. Except for sly and qam, which have been cloned 
and encode laminin β1 and laminin γ1, respectively, most of the mutants have not been mapped. 
It is interesting to note that some of the mutants, such as kon, showed both notochord and somite 
defect, and reduced mobility [243].

7.3.6.4 Roles of Galectins in Innate Immunity

Several approaches are currently taken to study the functions of galectins in zebrafi sh upon 
immune challenge. These include (1) challenge wild-type embryos, hatchlings (before and after 
4 days) and adults with lipopolysaccharide (LPS), heat-killed and live bacteria (with phosphate-
buffered saline injections and noninjected specimens as controls) in a dose–response format; 
(2) challenge knockdown embryos (for each galectin) and compare with the wild type; and (3) challenge 
adult transgenic zebrafi sh expressing dominant negative for each galectin and compare with the wild 
type. For each group, experiments are performed to assess (1) qualitative and quantitative changes 
on the patterns of temporal expression of galectins by standard and real-time reverse transcriptase 
polymerase chain reaction (RT-PCR); (2) qualitative and quantitative changes on the patterns 
of spatial expression (organ/tissue distribution) of galectins by in situ hybridization and immu-
nostaining; (3) qualitative and quantitative aspects of the local acute infl ammatory response at the 
injection site by histological analysis (magnitude of the cellular response), composition of the cellular 
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response (cell types) by using cell-specifi c markers for in situ hybridization and immunostaining; 
(4) qualitative and quantitative aspects of the systemic humoral acute infl ammatory response, focusing 
on interferon expression by RT-PCR; and (5) developmental course of the embryos, hatching 
rates, hatchling and adult survival rates.

7.4 CONCLUSIONS AND FUTURE DIRECTIONS

A variety of in vivo and in vitro experiments and, more recently, in silico approaches have enabled 
greater insight into the diversity and complexity of lectin repertoires in invertebrates, protochor-
dates, and vertebrates. Murine models are well-established by virtue of their remarkable similarities 
with humans, short lifespan, rapid reproductive cycle, and their relatively simple maintenance and 
handling. The use of knockouts has enabled the rigorous examination of biological roles of galectins 
and other lectins, but these models also have limitations. Relatively simple invertebrate organisms 
may serve as useful models for some of the functions of lectins in mammals. Ongoing genome, 
transcriptome, and proteome projects on model organisms representative of nonmammalian taxa 
will reveal the extent of their full lectin repertoires. The identifi cation of members of lectin families 
in these taxa has revealed novel structural features, most probably refl ecting functional adaptations 
along the lineages leading to higher vertebrate taxa. Furthermore, the identifi cation of novel lectin 
families, such as the F-type lectins, underscores the fact that more research on nonmammalian 
model organisms will provide new information on structural, functional, and evolutionary aspects of 
lectin repertoires. For example, the early intracellular sorting events involving calnexin and L-type 
lectins as well as the role of R-type CRDs in glycosyltransferases are likely to be quite similar, 
whereas later sorting events involving the mannose 6-phosphate receptors will probably be different. 
At the cell surface, the role of some of the galectins may be similar in all animals, so that genetic and 
developmental analysis of the model invertebrates is likely to illuminate studies of the vertebrate 
proteins as well. In contrast, the greater diversity of invertebrate and vertebrate proteins containing 
CTLDs suggests that these proteins probably participate in more specialized functions of glycans 
that are unique to different groups of animals [4]. Studies that have highlighted the functional ver-
satility of the CTLD superfamily suggest that many further interesting discoveries have yet to be 
made [112].

Because of its external fertilization, rapidly developing transparent embryos, variety of estab-
lished techniques for manipulation of gene expression and a growing collection of mutations affect-
ing early embryonic development that have been characterized and mapped, zebrafi sh (D. rerio) 
exhibits substantial experimental advantages over murine models for developmental studies. 
Zebrafi sh is endowed of a galectin repertoire that includes members of the three galectin subtypes, 
proto, chimera, and tandem-repeat, although less diversifi ed relative to that of mammals. Further, 
structural analysis of selected zebrafi sh galectins suggests that their binding properties are very 
similar to the mammalian equivalents. Members of the zebrafi sh galectin repertoire exhibit unique 
temporal and spatial gene expression during early development. In this context, we propose the use 
of this species as a model organism for the elucidation and characterization of the biological roles of 
galectins in vertebrates, including mammals.
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8.1 INTRODUCTION

Protein folding effi ciency is enhanced in vivo by an array of chaperones and folding-assisting 
enzymes that cover the entire protein folding pathway, from the exit of the polypeptide from 
the ribosome, its translocation through membranes, disulfi de bond formation, tertiary structure 
 acquisition, and oligomer assembly. A protein acquires diverse conformational states during these 
processes, from extended and disordered structures when exiting the ribosome to more structured 
intermediates such as molten globule-like forms. Accordingly, the high diversity of chaperones 
refl ects the conformational variety of their substrates. From a statistical point of view, the native 
state represents an extremely small fraction of the conformational space available to a protein, which 
may easily fall into irreversible kinetic traps during the folding process. In this sense, the crowded 
environment inside a cell represents a hostile scenario for protein folding, where protein aggregation 
could be the rule rather than the exception. One of the main functions of chaperones, perhaps the 
most important, is to inhibit nonspecifi c protein interactions, directing the protein to a productive 
folding pathway.

As will be described below, N-glycosylation plays an important role during glycoprotein 
 maturation in vivo. It represents the most abundant posttranslational modifi cation as about 80% of 
the proteins that enter the secretory pathway (that is about 40% of total proteins synthesized in a 
mammalian cell) are N-glycosylated in the consensus sequence Asn-X-Ser/Thr (where X may be 
any amino acid except for proline) by the oligosacchariltransferase, a multimeric protein complex 
associated with the translocon. The structural variety of N-glycans allows them to fulfi ll very diverse 
roles, from modulating the structural properties of the protein moiety, to be key mediators of cellular 

7269_C008.indd   1177269_C008.indd   117 9/6/2008   2:28:17 PM9/6/2008   2:28:17 PM



118 Animal Lectins: A Functional View 

recognition processes. The glycan structural diversity present in mature, fully processed  glycoproteins 
arises mainly as a consequence of the activity of Golgi-resident glycosidases and  glycosyltransferases, 
and is in sharp contrast with the conserved structure of the glycan that is originally transferred from 
dolichol-P-P derivatives to proteins in the endoplasmic reticulum (ER) of most eukaryotic cells 
(Glc3Man9GlcNAc2) (Figure 8.1). Prior to its processing in the Golgi, the transferred glycan is 
trimmed in the ER, where the three glucoses are removed by the successive action of glucosidases I 
and II (GI and GII). Moreover, several mannoses may be excised also. A puzzling issue is why a cell 
would transfer a glycan that is fi rst trimmed in the ER to be next rebuilt with a modifi ed structure? 
Why not simply transfer the core glycan and elongate it in the Golgi? The answer to this question 
took more than 15 years of research, and many of its aspects still remain obscure. It is now clear that 
N-glycans are deeply involved in protein folding in the ER, as they behave as an information  platform 
that encodes the conformational status of glycoproteins. N-glycans are also involved in the path-
ways that divert irreparably misfolded proteins to degradation or, alternatively, correctly folded 
species to the Golgi apparatus.

8.2 CALRETICULIN AND CALNEXIN: UNCONVENTIONAL CHAPERONES

Proteins entering the ER face common challenges to acquire their native conformation. To this end, 
they take advantage of a limited array of chaperones and folding-catalyzing enzymes, and use a 
common N-glycan-based system to assist their folding. Why N-glycosylation has arisen during 
evolution as a fundamental process only in the secretory pathway and not in other organelles is not 
clear, but the dominant conditions in the ER, with an elevated calcium concentration, an oxidizing 
redox potential, and a high protein concentration, make it the perfect environment for protein aggre-
gation, probably worse than any other cellular compartment. Central to the role of N-glycans in the 
ER are two proteins of the legume lectin family, calreticulin (CRT), a 46 kDa (400 residues) soluble 
ER-resident protein, and its paralog calnexin (CNX), a 65 kDa (572 residues) type I membrane pro-
tein. These lectins are part of a system known as glycoprotein-folding quality control (QC) that 
supervises and assists the folding maturation of glycoproteins in the ER [1]. At variance with other 
chaperones that rely on polypeptide-based interactions for their activity, the biological function of 
CRT and CNX is centered on glycan-mediated interactions. CRT has been localized to many subcel-
lular compartments and has been implicated in diverse functions, such as protein folding, calcium 
homeostasis, gene transcription regulation, complement activation, and angiogenesis. This chapter 
will be mainly focused on the role of CRT and CNX in glycoprotein folding maturation in the ER.
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FIGURE 8.1 Structure of glycans. The fi gure represents the glycan transferred by the oligosaccharyltransferase. 
Lettering (a, b, c) corresponds to the order of addition of monosaccharides in the synthesis of the dolichol-P-P 
derivative. Bonds cleaved by glucosidases I and II (GI and GII) as well as by ER mannosidase I are indicated.
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CRT was fi rst isolated from bovine liver and characterized as a calcium-binding protein [2]. Its 
cloning from rabbit [3] and mouse [4] showed that it is a typical ER-resident protein, endowed with 
a NH2-terminal signal sequence and a KDEL-like C-terminal ER retention/retrieval signal. CNX 
was isolated and cloned from dog pancreas and fi rstly characterized as a calcium-binding protein 
displaying high homology to CRT [5]. The fact that CNX interacts preferentially with glycoproteins, 
and that such interaction can be disrupted by N-glycosylation inhibitors, prompted further research 
on the role of early N-glycan intermediates on CNX activity. Incubation of CNX with a mixture of 
Glc0–3Man9GlcNAc2 glycans showed its exquisite specifi city for Glc1Man9GlcNAc2 [6]. This report 
was followed shortly by a similar observation for CRT [7]. Similarly to other ER chaperones, it was 
found that the expression of these lectins is induced by heat shock [8,9], amino acid deprivation 
[10], heavy metals, and calcium-mobilizing agents [11,12], thus indicating their role in protein fold-
ing. In agreement with these results, the 5′ promoter region of human CRT gene displays regulatory 
regions also present in the promoter region of other ER chaperones such as BiP, GRp94, and protein 
disulfi de isomerase [13].

8.2.1 STRUCTURE

CNX is a type-I integral membrane protein with a transmembrane segment near its C-terminal end 
and a RKPRRE ER-localization signal located in a short cytosolic C-terminal tail. The crystal 
structure of CNX’s ectodomain reveals a 140 Å long protruding arm inserted into a globular 
domain, which shows a fold similar to that of the legume lectin family [14] (Figure 8.2A). The 
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ERp57 binding
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Calcium
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(C)
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NH3
+

1 285 400170

Globular domain
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Arm domain C-terminal domain

Calcium bufferLectin–chaperone

Motif 1 Motif 2

FIGURE 8.2 (See CD for color fi gure.) Structure of lectin–chaperones. (A) Crystal structure of the lumenal 
portion of CNX (pdb 1JHN). (B) The arm domain of CNX embraces the globular domain of a symmetry- 
related molecule. (C) Domain organization of CRT.
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globular domain covers two regions of the primary sequence (residues 1–262 and 415–458), and 
is organized in two antiparallel β sheets, one concave (six strands) and the other convex (seven 
strands). Glucose unit binds to a shallow depression located on the surface of the concave β sheet, 
with its ring resting on Met189 and its hydroxyl groups hydrogen bonded to Tyr165, Lys186, and 
Glu217. Adjacent to this site, there are several hydrogen bond donors and acceptors located on the 
surface of the concave β sheet, which may contact the mannose residues of the glycan. Also in the 
globular domain, but opposite to the sugar binding face, a calcium ion is present, which accounts 
for the high-affi nity, low-capacity calcium-binding activity of the protein (Kd ~ 2 µM) [15]. This 
calcium ion fulfi lls a structural role by stabilizing the lectin and, in principle, does not play a 
direct role in sugar binding. The arm domain, also known as P-domain, is a unique feature of these 
proteins not shared with the legume lectins. It is formed by a proline-rich tandem sequence repeats 
in which four copies of motif 1, IxDP(D/E)(A/D)xKP(E/D)DWD(D/E), and four copies of motif 
2, GxWxxPxIxNPxY, are arranged following a 11112222 pattern. This domain can be divided 
into four modules, each formed by a copy of motif 1 that interacts head-to-tail with a copy of 
motif 2. A similar arrangement is observed in CRT, where three tandem repeats of motifs 1 and 2 
are arranged following a 111222 pattern. Indeed, the structure of CRT arm domain solved by 
nuclear magnetic resonance (NMR) shows a highly fl exible hairpin structure similar (but shorter, 
110 Å) to that of CNX [16]. The fl exibility of the CRT arm domain was also observed by electron 
microscopy, where it adopts various curved shapes [17]. It has been proposed that the arm domain 
stabilizes the lectin–glycoprotein complex by providing additional points of contact, thus increas-
ing the chaperone ability [18], and is also necessary for optimal lectin activity [19,20]. Interest-
ingly, the intermolecular contacts in the CNX crystal are mediated by the arm, which embraces 
the globular domain of a symmetry-related molecule (Figure 8.2B), suggesting a similar disposi-
tion for the interaction of the lectins with folding glycoproteins. In such an arrangement, the arm 
domain would protect the bound glycoprotein from interacting with other incompletely folded 
proteins. Noticeably, the tip of the P-domain constitutes an autonomous folding unit, being one of 
the smallest natural sequences that form a stable nonhelical fold in the absence of disulfi de bonds 
or bound metals [21].

No structure of the globular domain of CRT is available, but since both lectins share ∼40% 
sequence identity and present indistinguishable lectin specifi city, a similar fold is predicted. In addition, 
CRT has a highly acidic C-terminal domain (residues 285–400) that bind approximately 20 calcium 
ions with low affi nity (Kd ∼ 2 mM), which is involved in calcium storage in the lumen of the ER 
(Figure 8.2C) [15]. This domain is dispensable for the lectin activity of CRT [22]. Given its very low 
hydrophobicity, the C-terminal domain is predicted to adopt a natively unfolded structure, in agree-
ment with its high susceptibility toward proteases [23]. This domain is probably loosely connected 
to the rest of the protein, as observed by electron microscopy [17]. The C-terminal domain has been 
implicated also in the retention of CRT in the ER in a novel mechanism that would operate in con-
junction with the KDEL-based retention/retrieval system [24].

8.2.2 ERP57

CRT and CNX associate in vitro and in vivo with ERp57, a member of the protein disulfi de isomerase 
(PDI) family [25,26]. This association is independent of ligand binding to the lectins, since it is 
observed also in cells lacking GI, that is, cells in which no monoglucosylated glycans and thus no 
glycoprotein–CNX/CRT complexes are formed [25]. ERp57 is composed of four thioredoxin-like 
domains (a, b, b¢ and a¢), in which the a and a′ domains display the active -CXXC- motifs [27,28]. 
The amino-terminal cysteine residue of these motifs form intermolecular disulfi de bridges with 
glycoproteins bound to CRT or CNX, and usually their association with ERp57 is also abrogated 
when glycoprotein binding to the lectins is inhibited [29–32]. ERp57 activity improves when its 
substrates are bound to the lectins. For instance, the ability of ERp57 to catalyze disulfi de bridge 
acquisition of denatured monoglucosylated RNAseB in vitro is enhanced in the presence of CRT 
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and CNX, while the opposite effect is observed during refolding catalyzed by PDI [33]. Conversely, 
BiP enhances PDI activity but no effect is observed with respect to ERp57, suggesting that both 
enzymes have evolved to operate in conjunction with only one of the main ER chaperone systems, 
i.e., PDI working preferentially with the chaperone system centered on BiP and ERp57 with that 
based on the lectins [34]. Nevertheless, in some cases, ERp57 has been detected in complexes with 
ER proteins that are not associated with the lectins [35,36]. The ERp57–CRT association is medi-
ated by residues 225–251 located on the tip of CRT’s arm domain and the b′ domain of ERp57 
[37–39], and a similar interaction has been described with respect to CNX [20,40]. Given the high 
fl exibility of the arm domain, this association would allow the variation of the distance between 
ERp57 and the folding glycoprotein bound to the lectins, enabling the enzyme to scan for disulfi de 
bridges located at distant positions. The moderate stability of the binary ERp57–CRT complex 
(Kd ∼ 9 µM) and its fast off-rate (koff > 1000 s−1) probably allows ERp57 to rapidly sense for preexist-
ing lectin–glycoprotein complexes [37]. PDI and ERp57 share a similar domain architecture, 
although both enzymes have developed different strategies to bind their substrates, since the PDI b 
and b′ domains are able to directly contact their substrates whereas the homologous ERp57 domains 
have evolved to interact with the arm domains of CNX and CRT, which in turn present most known 
substrates to ERp57. Therefore, CRT and CNX constitute a system specially fi tted to present 
glycosylated substrates to ERp57.

8.2.3 SUGAR BINDING

CRT and CNX specifi cally bind monoglucosylated high mannose glycans [41]. The terminal 
glucose is essential for binding, although CRT affi nity for this monosaccharide is very low. In 
addition, the following three mannoses present in the α1–3 branch make signifi cant contribu-
tions to complex formation (Kb = 2.2 × 104 M−1, 56.3 × 104 M−1, and 102 × 104 M−1 for Glcα1–
3Man, Glcα1–3Manα1–2Man, and Glcα1–3Manα1–2Manα1–2Man, respectively) (Figure 8.1) 
[42]. Accordingly, site-directed mutations in positions that bind directly to the Glc residue (Y109 
and D135 in rat CRT) are less tolerated than changing residues that contact the following man-
nose residues [43]. In addition, the glucose equatorially oriented 2-hydroxyl group is fundamen-
tal to establish the complex, since CRT is unable to bind 2-deoxygucose α1–3 mannose [43]. The 
lectins display substantial interaction with Glc1Man5GlcNAc2, albeit with a lower affi nity than 
with Glc1Man9GlcNAc2, but they are unable to bind Glc1Man4GlcNAc2, showing that the α1–6-
mannose branch point of the glycan core also contributes to sugar binding [7,19]. The moderate 
affi nity of CRT for Glc1Man9GlcNAc2 (Kb = 4.11 × 105 M−1) may have functional implications, 
as it probably allows the action of sugar-modifying enzymes such as GII during the dissociation 
phase of the lectin–glycan equilibrium [44]. As expected, many amino acids involved in sugar 
binding are shared by CRT and CNX, but this conservation is not absolute. For instance, residues 
Y109, K111, Y128, and D317 (numbered following the sequence of rabbit CRT) are vital for the 
lectin activity of both proteins, but M131 and D160, also present in both lectins, are important 
only for CNX [45].

8.2.4 PROTEIN BINDING

During their transit through the ER, most glycoproteins studied so far interact with CNX, CRT, or 
with both, either sequentially or simultaneously [46]. The underlying reasons for an N-glycan to 
interact with a particular lectin can be partially explained by taking into account their topological dif-
ferences. CNX, being attached to the membrane, interacts preferentially with glycans placed near the 
ER membrane. In contrast, CRT binds preferentially glycoproteins soluble in the ER lumen or N-glycans 
placed far from the membrane [47,48]. For example, growth stages of tyrosinase, coagulation factor V, 
and infl uenza hemagglutinin exhibiting N-glycans close to the membrane are bound preferentially to 
CNX, but as proteins elongate and their glycans move away from the membrane they interact with 
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CRT [49,50]. Furthermore, a CRT mutant endowed with a membrane anchor exhibits a binding speci-
fi city similar to CNX and, reciprocally, when a soluble version of CNX is expressed, its specifi city 
shifts to that observed for CRT [51]. Nevertheless, this interchangeability is partial since a soluble 
version of CNX is unable to replace CRT in assisting the peptide loading of the major histocompati-
bility complex (MHC) class I complex [52]. Besides, many proteins normally associated with CNX 
in wild-type cells, associate instead with BiP and not with CRT in CNX−/− cells [53], although under 
similar conditions, proteins of viral origin appeared in complexes with CRT. This observation sug-
gests a more stringent requirement of certain viral proteins for the lectin-based folding enhancement 
compared to cellular proteins and may explain why viral replication is more sensitive to the presence 
of GI/GII inhibitors than cellular viability [54–56]. In addition, CRT- or CNX-encoding genes knock-
out is lethal in mice, showing that the remaining lectin cannot fully replace the deleted one [57,58]. 
On the other hand, certain microorganisms only code for one of the lectins, as for instance Saccharo-
myces cerevisiae or Schizosaccharomyces pombe, which only code for CNX or trypanosomatid 
proto zoa, in which only CRT coding information is found.

Glycoprotein binding to these lectins is mediated by their glycan moieties, although polypep-
tide-based interactions may be important in some cases. Two alternative binding models have been 
proposed. In the “lectin-only” model, glycoprotein binding is mediated solely through their glycan 
moiety, while in the “dual-binding” model, there is a contribution of both polypeptide and glycan 
moieties. Substantial experimental evidence supports both models, and probably the relative contri-
bution of polypeptide-based contacts varies with the inherent characteristics of a particular protein 
[59]. The “lectin-only” model is supported mainly by experiments using glycosylation or GI/GII 
inhibitors or by expressing proteins bearing site-specifi c mutations of consensus glycosylation 
sites, as under those conditions, protein association with the lectins is severely affected [1,32,60–65]. 
Furthermore, protein binding to CNX is almost totally impaired in cells lacking GI or GII [66]. 
Dissociation of the already formed lectin–glycoprotein complexes is prevented upon addition of 
GI/GII inhibitors, thus showing the importance of GII during the dissociating phase of the cycle 
[67]. Nevertheless, it has been shown that some nonglycosylated proteins remain associated with the 
lectins if care is taken during cell lysis in order to preserve weak complexes [68,69]. This result 
could be due to an unspecifi c association between the lectins and protein aggregates, but this pos-
sibility has been ruled out in some cases [68,70]. CNX and CRT can inhibit in vitro the aggregation 
of both glycosylated and nonglycosylated proteins, and they are able to form stable complexes with 
unfolded, nonglycosylated substrates but not with their native forms [71,72]. Interestingly, the addi-
tion of monoglucosylated glycans to these assays impaired the ability of CRT to inhibit the aggrega-
tion of glycosylated and nonglycosylated proteins [71], although the presence of a monoglucosylated 
glycan moiety on the substrates improved the chaperone capacity of CNX but not that of a classic 
chaperone such as BiP [73]. In addition, CNX and CRT mutants devoid of lectin activity inhibited 
the thermal aggregation of nonglycosylated substrates, but not that of the monoglucosylated sub-
strate jack bean α-mannosidase [45,74]. Furthermore, the CNX lectin negative mutant was able to 
bind MHC I heavy chain in vivo [74]. Interestingly, CNX interacts with integral membrane proteins 
through their transmembrane domains in a glycan-independent mode [75,76]. For instance, CNX 
associates in vivo with EDEM, a lectin that targets high-mannose glycoproteins for degradation, 
through their transmembrane domains, physically linking the retention and degradation of irrepa-
rable misfolded species [77].

Although CRT and CNX are proteins dedicated to deal with partially folded species, their struc-
ture is marginally stable (Tm ∼ 42°C–45°C) [23]. This property precludes a neat explanation for their 
precise role in many thermal-induced aggregation assays carried out near the lectin melting tem-
peratures. Nevertheless, CRT inhibits protein aggregation of some substrates in experiments devel-
oped at temperatures far from any detectable conformational change (MHC class I and deglycosylated 
IgY at 37°C and 31°C, respectively) [71]. On the other hand, the crystal structure of CNX does not 
reveal any obvious site that could bind hydrophobic surfaces or segments exposed on misfolded 
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glycoproteins, at variance with classic chaperones that display binding cages or hydrophobic clefts. 
This constitutes a major drawback for the “dual-binding” model, but the static picture captured in 
the crystal may hinder an alternative conformation unfavorable under the crystallization conditions. 
For instance, upon heat shock or calcium depletion, both CRT and CNX undergo a conformational 
change that induces their oligomerization and increases their ability to bind nonglycosylated sub-
strates [78,79]. This result suggests that changes in the ER environment may modulate their chaper-
one activity.

The scarcity of suitable model substrates has precluded a defi nitive answer regarding the rela-
tive importance of polypeptide-based interactions. Binding of ribonuclease B to CNX or CRT 
depends exclusively on the presence of monoglucosylated glycans, regardless of the conforma-
tional status of the substrate [80,81], although this highly hydrophilic protein is a poor candidate 
to display hydrophobic interactions. One of the few natural monoglucosylated glycoproteins read-
ily available is IgG from egg yolk (IgY). The affi nity of CRT for Glc1Man9GlcNAc2 and IgY, 
measured by surface plasmon resonance, is very similar [44], showing that the main determinant 
for binding is the N-glycan (the presence of additional polypeptide-based contact sites would 
otherwise have induced a higher affi nity for the glycoprotein). An alternative approach is to use a 
genetically tailored S. cerevisiae strain with disrupted gls2 (GII), mns1 (ER mannosidase), and 
alg8 genes (the last gene is responsible for the addition of the second glucose residue to the 
dolichol pyrophosphate-linked glycan precursor). Glycoproteins synthesized in this triple mutant 
display Glc1Man9GlcNAc2 N-glycans. CRT binding in vitro to monoglucosylated MHC I expressed 
in this strain is absolutely dependent on the glycan and independent of the glycoprotein folding 
status, since similar binding constants were measured for free heavy chain and the empty het-
erodimer of the heavy chain, β2 microglobulin, and the heterodimer loaded with a peptide [82]. 
These examples support the “lectin-only” model, but clearly more experimental systems are 
needed to fi nally settle the issue. There is a consensus that for glycoproteins glycan-based interac-
tions are determinant for the initial establishment of the lectin–glycoprotein complex [6,83], and 
that the signifi cance of subsequent protein–protein interactions depends on the particular glyco-
protein involved.

8.3 GLYCOPROTEIN FOLDING QUALITY CONTROL

Monoglucosylated glycoproteins may form in the ER either by partial deglucosylation of the trans-
ferred glycan by the sequential action of GI and GII, or by reglucosylation of the trimmed glycan by 
the UDP-Glc:glycoprotein glucosyltransferase (UGGT) (Figure 8.3). UGGT activity was fi rst 
detected in protozoan parasites, since at variance with other wild-type eukaryotic cells, these micro-
organisms transfer truncated versions of the canonical structure, which are devoid of glucose resi-
dues (Man6,7,9GlcNAc2, depending on the species) [84]. Nevertheless, as monoglucosylated 
protein-linked glycans were detected, it was inferred that glucose units had necessarily been added 
to glycans after their transfer from the dolichol derivative [85]. Glucose removal from Glc3Man9Gl-
cNAc2 starts while glycoproteins are still in the process of translocation into the ER, immediately 
after glycan transfer by the oligosaccharyltransferase. The terminal glucose is removed by GI, an ER 
type II membrane-bound enzyme [86–88], followed by the removal of the glucoses by GII. At vari-
ance with other glycosidases of the secretory pathway, which are type II membrane proteins, GII is 
a soluble enzyme in the lumen of the ER. GII is a heterodimeric protein, in which the catalytic sub-
unit (α) is retained in the ER due to the presence of an associated small subunit (β), which in turn 
displays an ER retention/retrieval sequence. In principle, this association is only needed for the 
intracellular localization of the α subunit since its activity in vitro is not affected by the absence of 
the β subunit although both subunits are required for activity in vivo [89]. It has been described that 
GII-catalyzed removal of the second glucose residue is a regulated process, as it is more active on 
glycoproteins bearing more than one N-glycan [90].
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The presence of monoglucosylated glycans triggers recognition by CRT and CNX, an interac-
tion that retains glycoprotein species bearing those markers in the ER. Association with CRT and/or 
CNX plays a vital role during the conformational maturation of many glycoproteins. Preventing the 
association usually diminishes the folding effi ciency although under such situations the folding rate 
of most glycoproteins is increased. CRT and CNX are thought to improve the folding effi ciency by 
preventing nonspecifi c interactions between folding species and, in addition, they enhance the 
correct pairing of disulfi de bridges by promoting ERp57 intervention.

Glc3Man9GlcNAc2GlcMan9GlcNAc2Man9GlcNAc2
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FIGURE 8.3 (See color insert following blank page 170. Also see CD for color fi gure.) Glycoprotein folding 
quality control. Proteins entering the ER are N-glycosylated by the oligosacchariltranferase (OST) as they emerge 
from the translocon (Sec61) (1). Both outer glucoses are removed by the sequential action of GI and GII to generate 
monoglucosylated species (2) that are recognized by CNX and/or CRT (only CNX is shown), which are associated 
with ERp57 (3). The complex between the lectins and folding intermediates/misfolded glycoproteins dissociates upon 
removal of the last glucose by GII, and is reformed by UGGT activity (4). UDP generated by UGGT is hydrolysed to 
UMP (5), which is antiported to the cytosol by UDP-Glc entrance (6). Once glycoproteins have acquired their native 
conformations, either free or complexed with the lectins, GII hydrolyses the remaining glucose residue and releases 
the glycoproteins from the lectin anchors (7). These species are not recognized by UGGT and are transport to the 
Golgi (some of them by ERGIC53, a lectin that binds high mannose glycans) (8). Glycoproteins remaining in mis-
folded conformations are retrotranslocated to the cytosol where they are deglycosylated and degraded by the protea-
some (9). One or more mannose residues may be removed during the whole folding process.
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8.4 GLUCOSYLTRANSFERASE

At variance with other ER glucosyltransferases that employ dolichol-P-Glc as glucosyl donor, 
UGGT uses UDP-Glc, which is presumably antitransported by UMP into the ER lumen [91]. UGGT 
activity on high-mannose glycoproteins generates a glycan structure identical to that obtained from 
partial deglucosylation of Glc3Man9GlcNAc2 by GI and GII. The activity of the enzyme is maximal 
with Man9GlcNAc2-bearing glycoproteins and diminishes with mannose trimming (the relative 
activity toward Man9GlcNAc2, Man8GlcNAc2 and Man7GlcNAc2, displaying residue g, that is, the 
mannose unit to which the glucose is attached is 1.00, 0.50, and 0.15, respectively; see Figure 8.1) 
[92], thus showing a trend similar to that observed for GII activity [93]. UGGT activity was fi rst 
described in Trypanosoma cruzi cells and it was later detected in most eukaryotic cells, with the 
notable exception of S. cerevisiae [94,95]. UGGT is a rather large protein with a molecular mass of 
170 kDa, endowed with an N-terminal signal peptide and a C-terminal ER retention/retrieval signal 
whose sequence varies among species (HEEL and HGEL in rat and drosophila, respectively; inter-
estingly, the enzyme from T. cruzi lacks such signal) [96–98]. There are two genes coding for 
UGGTs in humans, HUGT1 and HUGT2, which are 55% identical. Although both genes are 
expressed, only the fi rst one is active, the biological function of HUGT2 being unknown [99].

UGGT presents a highly conserved region comprising approximately 20% of the C-terminal 
region and poor sequence conservation in the rest of the sequence. Mild protease treatment of UGGT 
yields two fragments that remain tightly bound by hydrophobic interactions and display enzymatic 
activity. The fragments coincide with the conserved and variable regions of the sequence, suggesting 
the presence of at least two domains [100]. The conserved C-terminal region displays a similar size 
and signifi cant similarity to members of glycosyltransferase family 8, it binds UDP-Glc [96], and it 
has been proposed to bear the catalytic center. Hybrid enzymes made by combining the C-terminal 
and N-terminal regions from different species are functional, even though in the case of S. pombe 
and Drosophila, the N-terminal domains (80% of the molecules) only share a 16% similarity. More-
over, both fragments can complement each other when expressed in trans [100]. The most promi-
nent feature of UGGT is that in in vitro assays it glucosylates high-mannose glycoproteins 
preferentially when displaying perturbed conformations [101]. This constitutes a unique example of 
an enzyme that presents features both of a chaperone and a glycosyltransferase. The variable 
N-terminal domain is probably responsible for recognition of the misfolded polypeptide moiety 
[100,102]. For optimal activity, the glycan must be covalently attached to a misfolded protein moiety, 
since short glycopeptides derived from good glycoprotein acceptors such as bovine thyroglobulin 
are poor substrates [92]. Nevertheless, the enzyme is active against glycopeptides longer than 12 
amino acid residues provided they display hydrophobic residues at either side of the N-glycan [103]. 
In addition, proteins chemically modifi ed with a high-mannose glycan are recognized by UGGT 
[104]. Since UGGT recognizes a heterogeneous protein population, the molecular determinant for 
this process should be common to folding intermediates of all glycoproteins. It is for this reason that 
the misfolded substrate-binding domain in UGGTs from different species might not necessarily be 
expected to display signifi cant similarity in their primary sequences. The enzyme recognizes exposed 
hydrophobic residues displayed in glycoprotein substrates preferentially when they are forming 
patches in molten globule-like conformers [105,106]. This feature allows recognition of subtle 
defects in acceptor glycoproteins [107]. Due to this selectivity, UGGT preferentially reglucosylates 
advanced folding intermediates rather than highly misfolded, random coiled species [108]. The 
enzyme thus focuses its biological function in the last stages of folding maturation in the ER [109]. 
Chaperones more fi tted to deal with extended folding intermediates such as BiP would be the main 
partners during the initial stages of protein folding in the ER. The selectivity of UGGT enables it to 
participate also in the quality control of quaternary structures, since it can recognize folded complex 
subunits lacking the full complement of oligomer components provided that the orphan subunits 
expose a hydrophobic patch hindered upon oligomer assembly [110]. The distance between a local 
folding defect and the targeted glycan may vary depending on the particular characteristic of the 
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substrate [107,111]. For instance, only the N-glycan attached to the misfolded subunit of an artifi cial 
dimer formed by properly folded and misfolded RNase B monomers was glucosylated in vitro by 
UGGT [112].

Folding glycoproteins in the ER cycle between monoglucosylated and nonglucosylated states 
catalyzed by the opposite activities of GII and UGGT. The rate of conversion between the states is a 
matter of debate and may depend on the particular glycoprotein involved. Regarding both models 
proposed for glycoprotein binding to the lectins, in the “lectin-only” model UGGT would be the 
only conformational sensor, while in the “dual binding” model, both UGGT and the lectins would 
be involved in the recognition of misfolded species.

8.5 CALCIUM BINDING

In noncontractile cells, the ER is also the main intracellular calcium store. Calcium concentration in 
the ER fl uctuates from 1 to 5 mM when it is full to 1–50 µM upon opening of the membrane calcium 
channels [113]. Most of the calcium is not free in the ER lumen, but it is bound instead to proteins 
that operate as calcium buffers by binding high amounts of calcium ions with low affi nity [114]. The 
effect of ER calcium fl uctuations on protein folding is variable. While in some cases, a particular 
protein may intrinsically need calcium to attain its native conformation, a more general effect arises 
from the calcium dependence of several ER chaperones and folding assisting enzymes as UGGT. 
Besides its role in QC, CRT is one of the main calcium buffers in the ER, accounting for about 45% 
of the total ion present in that subcellular location. Accordingly, CRT overexpression increases the 
ER calcium storage capacity [115–117] and as expected, the C-terminal domain is responsible for 
this effect [118,119]. Conversely, cell lines lacking CRT present lower calcium content in the ER, a 
condition that may be reversed by expressing the P and C domains [120]. Transgenic mice lacking 
CRT die due to compromised cardiac development [57] although cell lines isolated from them are 
viable. These cells show a diminished ER calcium storage capacity and InsP3 receptor–mediated 
calcium release. Remarkably, overexpression of constitutively active calcineurin in the hearts of 
CRT-defi cient mice reverses the embryonic lethality and produces viable CRT-defi cient animals, 
demonstrating that CRT is an upstream regulator of calcineurin in the calcium signaling cascade 
[121,122].

The effect of the ER calcium level in the lectin–chaperone properties of CRT and CNX is 
unclear. CRT and CNX need calcium for their lectin activity when they are immobilized on a chelat-
ing matrix [19], and calcium increases the stability of CRT, making it more rigid and less susceptible 
to proteases [123,124]. Conversely, as mentioned above, calcium depletion induces the oligomeriza-
tion of CRT and CNX and increases their polypeptide-binding capacity [79,125]. On the other hand, 
the interaction of CRT with other folding facilitating enzymes can be modulated by calcium, as has 
been shown in vitro for PDI and ERp57 [126]. Clearly, the ER environment may play an important 
role in regulating the biological activities of the lectins, although we still lack a complete picture of 
the situation.

8.6 CONCLUSION AND FUTURE DIRECTIONS

Conventional chaperone cycles of substrate binding and release is driven from prokaryotes to 
eukaryotes by the hydrolysis of high-energy molecules, usually ATP. A novel, unconventional chap-
erone system evolved in eukaryotes in which the energy in provided by a nucleotide sugar (UDP-
Glc). Whereas in the fi rst system a single macromolecular component may be responsible for the 
chaperone activity, the glycoprotein folding quality control system involves several proteins, UGGT, 
CNX/CRT, and GII. In this scenario, substrate recognition is a function of a glycosyltransferase, 
UGGT. Lectins (CNX/CRT) are responsible for substrate binding and fi nally substrate release is 
mediated by a glycosidase, GII. Although protein N-glycosylation may be found in eubacteria, it is 
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only in eukaryotes that the unconventional, N-glycan-dependent chaperone system occurs. One 
reason for this late evolutionary appearance is probably the fact that whereas glycans are added to 
unfolded proteins in eukaryotes, in eubacteria, the oligosaccharyltransferase glycosylates already 
properly folded species [127].
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9.1 INTRODUCTION

One-third of all newly synthesized proteins are cotranslationally inserted into the endoplasmic 
reticulum (ER) where they are folded, modifi ed, and subjected to quality control prior to secretion 
or transport to various intracellular organelles. During translocation, a majority of these proteins are 
N-glycosylated by the addition of a 14-saccharide core glycan at conserved Asn-X-Ser/Thr consen-
sus sequences [1]. N-linked glycans are important determinants of protein recognition and modifi ca-
tion involving intracellular lectins at various steps along the secretory pathway. The fi rst lectins 
encountered by a newly synthesized glycoprotein are calnexin and calreticulin, two ER-localized 
proteins that support protein folding and quality control [2]. Correctly folded glycoproteins can then 
be captured by members of an additional class of animal lectins termed L-type lectins [3]. These 
lectins are characterized by a luminal carbohydrate recognition domain (CRD) that corresponds to 
the single-folded domain of soluble lectins found in the seeds of leguminous plants [4,5].

Unlike leguminous plant lectins, which are soluble secretory proteins, animal L-type lectins are 
membrane proteins and localize to the early secretory pathway. The early secretory pathway of 
animal cells is composed of the ER, the ER Golgi intermediate compartment (ERGIC) and the 
cis-Golgi [6], which are interconnected by vesicular transport pathways [7]. In the anterograde 
pathway , coat protein II (COPII)-coated vesicles bud from the ER and fuse with ERGIC membranes. 
In the retrograde pathway, coat protein I (COPI)-coated vesicles bud from cis-Golgi and ERGIC and 
retrieve proteins back to the ER.

How can proteins be sorted into the different transport vesicles? Membrane proteins are packaged 
into budding vesicles by selective interaction of their cytosolic tails with subunits of the COPI and/or 
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COPII coats. The interaction with COPII is mediated by diacidic [8] or dihydrophobic [9,10] ER-export 
motifs that bind to the Sec24 coat subunit [11]. The interaction with COPI is mediated by a dilysine 
signal that binds the cytosolic coatomer complex [12,13]. Soluble luminal proteins cannot directly 
interact with cytosolic coat subunits due to the membrane barrier. Although some soluble proteins 
might be incorporated passively into budding vesicles by bulk fl ow [14], effi cient transport clearly 
requires active, receptor-mediated recruitment into coated vesicles [15]. One example for a nonlectin 
membrane cargo receptor is the KDEL (Lys-Asp-Glu-Leu)-receptor that retrieves soluble proteins 
back to the ER by recruiting them into COPI-coated vesicles in the ERGIC and Golgi [16,17]. With its 
luminal domain, the KDEL-receptor captures proteins carrying a C-terminal tetrapeptide transport 
signal while the cytosolic tail of the receptor interacts with COPI via a dilysine-related signal. Simi-
larly, animal L-type lectins bind with their luminal CRD to glycoproteins while their cytosolic tail 
interacts with cytosolic coat subunits. With one exception, all animal L-type lectins bear ER export and 
ER retention/retrieval signals that mediate incorporation into COPII- and/or COPI-coated vesicles. 
Many properties of the animal L-type lectin family suggest a role in the transport of glycoproteins. In 
this chapter, we summarize the current knowledge of L-type lectins and discuss their known and pre-
sumed functions in the secretory pathway of eukaryotic cells.

9.2 FEATURES OF ANIMAL L-TYPE LECTINS

Animal cells express four different L-type lectins known as ERGIC-53 [18,19] (ER Golgi inter-
mediate compartment protein of 53 kDa), VIP36 [5] (vesicular integral membrane protein of 36 kDa), 
ERGL [20] (ERGIC-53-like protein), and VIPL [21,22] (VIP36-like protein). These family 
members share a common luminal L-type lectin domain but differ with regard to the presence of a 
coiled-coil domain, an N-glycosylation site, and cytosolic sorting signals, as depicted in Figure 9.1 
and summarized in Table 9.1.

9.2.1 ERGIC-53

ERGIC-53 was the fi rst L-type lectin discovered and is currently the best characterized family 
member. It was identifi ed as a marker protein for the ERGIC in a monoclonal antibody screen for 
organelle markers [18]. Independently, p58 was identifi ed by a polyclonal antibody approach and 
subsequently found to be the rat homolog of ERGIC-53 [23,24]. ERGIC-53 is a ubiquitously 
expressed type-I transmembrane protein with a large luminal domain (447 amino acids) and a 
short cytosolic domain (12 amino acids). The protein continuously cycles between ERGIC and 
ER, but its concentration is highest in the ERGIC at steady state [25,26]. Upon treatment of cells 
with the fungal metabolite brefeldin A (BFA), COPI dissociates from Golgi membranes and 
ERGIC-53 accumulates in ERGIC structures [27]. This BFA-dependent redistribution turned out 
to be typical of rapidly cycling proteins of the early secretory pathway, very much in contrast to 
Golgi proteins, most of which redistribute to the ER in response to BFA. The cycling properties 
of ERGIC-53 are determined by different sorting motifs in the cytosolic tail of the protein. The 
C-terminal diphenylalanine motif operates as an ER export signal by interaction with the Sec24 
subunit of the COPII [10,28,29]. The dilysine signal close to the diphenylalanine motif binds 
COPI and thereby mediates retrieval of ERGIC-53 back to the ER [30]. ERGIC-53 forms disulfi de-
linked homodimers and homohexamers [28,31]. Oligomerization is supported by a luminal 
coiled-coil domain (Figure 9.1) and is required for the optimal presentation of the diphenylalanine 
motif to Sec24 [28].

The N-terminal part of ERGIC-53 contains a ∼200-residue luminal domain that shares sequence 
homology with the CRD of leguminous plant lectins [4]. The crystal structure of ERGIC-53 reveals 
that the protein fold including the ligand binding site is indeed highly similar to that of leguminous 
plant lectins [32]. The structure shows an overall β-sandwich composed of one concave and one 
convex β-sheet with the ligand-binding site in a negatively charged cleft. The CRD of ERGIC-53 
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FIGURE 9.1 (See color insert following blank page 170. Also see CD for color fi gure.) Schematic repre-
sentation of animal L-type lectins. The domain organization and the topology of the four animal L-type lec-
tins are depicted: luminal N-terminus (N′), luminal L-type lectin domain (red), luminal coiled-coil domain 
(green), and N-linked glycans (gray). Potential ER export motifs in the cytoplasmic tails that interact with 
COPII are indicated in orange (single letter code of amino acids). ER retention/retrieval motifs that interact 
with COPI are indicated in blue. Note that the KR motif does not entirely conform to the consensus of an ER 
retention/retrieval motif and has not been proven to be a functional transport signal. (From Teasdale, R.D. and 
Jackson, M.R., Annu. Rev. Cell Dev. Biol., 12, 27, 1996.)

binds mannose residues in a calcium-dependent way and requires the presence of a highly conserved 
asparagine residue in the lectin domain of ERGIC-53 [4]. The mannose specifi city together with 
the ER-ERGIC recycling properties led to the notion that ERGIC-53 may act as a sorting receptor 
for glycoproteins [4]. This notion was substantiated when ERGIC-53 was found to be required for 
effi cient transport of cathepsin C [33] and genetically linked to the inherited disease combined 
blood coagulation factor V and VIII defi ciency (F5F8D; OMIM #227′300) [34]. Patients suffering 
from F5F8D have reduced plasma levels of coagulation factors V and VIII. This is caused by 
ineffi cient secretion of the two coagulation factors due to the lack of functional ERGIC-53. Subse-
quently, additional glycoproteins were identifi ed as ERGIC-53 cargo proteins including cathepsin 
Z [35,36], nicastrin [37], and mutant Ig µ [38]. Furthermore, ERGIC-53 interacts in a lectin-
independent manner with multiple coagulation factor defi ciency protein 2 (MCFD2). The MCFD2 
gene is a second locus associated with F5F8D. It encodes a soluble luminal protein of 16 kDa [39]. 
The MCFD2 protein contains two EF-hands and interacts with ERGIC-53 in a calcium-dependent 
manner. MCFD2 and ERGIC-53 form a stable protein complex and cycle together in the early 
secretory pathway [40]. The intracellular localization of MCFD2 strictly depends on ERGIC-53 
since a knockdown of ERGIC-53 leads to the secretion of MCFD2. Interestingly, the expression 
of both MCFD2 and ERGIC-53 is inducible in response to cell stress [41,42]. The potential 
function of MCFD2 in modulating the cargo-binding properties of ERGIC-53 will be discussed 
below.
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9.2.2 VIP36

VIP36 is an N-glycosylated calcium-binding membrane protein whose luminal domain is homolo-
gous to that of ERGIC-53 and leguminous plant lectins. In contrast to ERGIC-53, VIP36 lacks a 
coiled-coil domain and might function as a monomer [43]. VIP36 was originally purifi ed from a 
detergent-insoluble fraction of madin-darbin canine kidney (MDCK) cells in an attempt to isolate 
novel vesicular components of glycolipid rafts [5]. In a subsequent study, however, VIP36 was found 
not to be associated with the detergent-insoluble fraction and hence is unlikely to be a raft component 
[44]. VIP36 is ubiquitously expressed in kidney, liver, intestine, lung, and spleen with very low levels 
in heart and brain as shown by Northern blotting of adult mouse RNA [43]. Endogenous VIP36 par-
tially colocalizes with ERGIC-53 but also with Golgi markers [44]. Upon overexpression, VIP36 can 
also be detected at the plasma membrane and in endosomes [5]. VIP36 cycles between Golgi and ER 
and colocalizes with ERGIC-53 to the ERGIC in BFA-treated cells. Passage through the Golgi is 
evident from complex glycosylation of VIP36 [44], and cycling of green fl uorescent protein (GFP)-
tagged VIP36 was directly visualized in living COS cells at moderate expression levels [45]. The 
presence of a phenylalanine–tyrosine putative ER export motif and a dibasic motif resembling (but 
not strictly conforming to) an ER retrieval signal in the C-terminal cytosolic domain (Figure 9.1) 
may mediate the cycling of VIP36 between ER, ERGIC, and Golgi. It should be emphasized, how-
ever, that there is no direct proof for the functionality of these putative transport motifs in VIP36.

Data regarding carbohydrate specifi city and calcium requirement of VIP36 are controversial. 
While the recombinant luminal domain of VIP36 was initially shown to bind N-acetyl-d-galactosamine 
in a calcium-dependent manner [43], a glutathion-S-transferase (GST) fusion protein of the luminal 
domain of VIP36 was later reported to bind preferentially high-mannose-type glycans in a calcium-
independent way [46]. Recently, the carbohydrate specifi city of VIP36 was analyzed in detail by 
frontal affi nity chromatography using a carbohydrate library of 21 different oligosaccharides [47]. 
This study revealed that VIP36 binds high-mannose-type glycans containing the D1 branch (Manα1→2 
Manα1→2 Man branch) and that this binding is calcium-dependent. The conclusion that VIP36 is a 
calcium-dependent lectin with specifi city for high-mannose-type glycans is supported by the local-
ization of VIP36 to the early secretory pathway. Cargo proteins of VIP36 have not been identifi ed 
with certainty, although α-amylase was proposed as candidate cargo [48]. The evidence for a 
dependence of α-amylase secretion on VIP36 requires further validation.

9.2.3 ERGL

In 2001, a novel L-type animal lectin was identifi ed from a human prostate-specifi c expressed 
sequence tag (EST) cluster [20]. The deduced protein was termed ERGIC-53-like protein (ERGL) 
due to its high similarity with the amino terminal region of ERGIC-53. ERGL is a type-I membrane 
protein with a luminal CRD and a luminal coiled-coil domain. In contrast to the other L-type animal 
lectins, ERGL lacks typical transport motifs in its cytoplasmic domain and, therefore, might not be 
able to traffi c in the secretory pathway independently, or may even operate as an ER protein. The 
presence of a coiled-coil domain in ERGIC-53 and ERGL may indicate that both proteins form 
heterooligomers and that ERGL is transported indirectly via an interaction with ERGIC-53. In con-
trast to the ubiquitous tissue distribution of the other L-type animal lectins, expression of ERGL 
mRNA is restricted to prostate, spleen, salivary gland, cardiac atrium, and the central nervous 
system. So far, endogenous human ERGL protein has not been studied. In human prostate, two 
ERGL splice variants exist, one of which lacks the transmembrane region, resulting in a potentially 
secreted protein [20]. Additionally, a putative rat homolog of ERGL was cloned and termed sublin-
gual acinar membrane protein (SLAMP) [49]. SLAMP shows an even more restricted expression 
pattern than ERGL and appears to be only expressed in the sublingual gland as revealed by Northern 
and Western blotting [49]. Currently, no clear data exist on the subcellular localization and carbo-
hydrate specifi city of ERGL or SLAMP, nor have potential cargo proteins been identifi ed.
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9.2.4 VIPL

VIPL was identifi ed in 2003 as the fourth member of the L-type lectin family in a databank search 
for novel lectins using the conserved CRD of ERGIC-53 and VIP36 as a search string [21,22]. Due 
to its high similarity to VIP36, it was termed VIP36-like protein (VIPL). VIPL is an N-glycosylated 
type-I membrane protein with a short half-life of approximately 30 min in HeLa cells [21,22]. In 
contrast to ERGIC-53 and VIP36, VIPL is a noncycling ER-resident protein. ER localization is in 
agreement with the high-mannose N-glycan residue of VIPL, which is not processed by Golgi 
enzymes. Furthermore, VIPL does not redistribute to ERGIC clusters in response to BFA [22]. ER 
retention of VIPL is mediated by a RKR retention motif in the cytosolic domain. This diarginine 
motif is dominant over the phenylalanine/tyrosine ER export signal at the C-terminus of VIPL since 
mutation of the RKR motif to RAA abolishes retention and leads to transport of VIPL to the plasma 
membrane. VIPL is ubiquitously expressed with high levels found in skeletal muscle, kidney, heart, 
liver, and placenta and minor levels found in brain, thymus, spleen, small intestine, and lung [21]. 
Currently, there exist no data concerning the carbohydrate specifi city of VIPL. A hint that VIPL may 
play a role in ER export of glycoproteins is based on knockdown experiments using VIPL-specifi c 
short interference RNA (siRNA) [21]. Downregulation of VIPL leads to ineffi cient secretion of two 
unknown glycoproteins with a molecular mass of 35 and 250 kDa. A direct dependence of glycopro-
tein secretion on VIPL remains to be shown.

9.3 L-TYPE LECTINS IN SIMPLER EUKARYOTES

The expression of L-type lectins is not restricted to animal cells since they were also identifi ed in 
simpler eukaryotes such as the slime mold Dictyostelium dyscoideum [50] and yeast. The baker’s 
yeast Saccharomyces cerevisiae expresses two L-type lectins, Emp46p and Emp47p, which show 
sequence homology with ERGIC-53 [51]. Emp46p and Emp47p are type I membrane proteins, 
which heterooligomerize and cycle between ER and Golgi. Like ERGIC-53, the two proteins con-
tain a luminal lectin domain, a luminal coiled-coil domain, and a short cytoplasmic tail that interacts 
with COPI and COPII [52]. The crystal structures of the CRD of Emp46p and Emp47p reveal a 
β-sandwich fold that resembles the structure of human ERGIC-53 [53]. Emp46p does not bind cal-
cium but potassium ions while Emp47p does not bind metal ions at all. No specifi c cargo proteins 
have been identifi ed for Emp46p and Emp47p but gene disruption of both EMP46 and EMP47 
results in a secretion defect of a subset of glycoproteins [51]. Thus, Emp46p and Emp47p are thought 
to operate as calcium-independent transport receptors that facilitate the recruitment of some glyco-
proteins into vesicles budding from the ER.

9.4 FUNCTION OF L-TYPE LECTINS

ERGIC-53 is the most extensively studied L-type lectin, whereas functional data is scarce for VIP36, 
ERGL, and VIPL. Nevertheless, the current information suggests a function of the four animal 
L-type lectins in glycoprotein sorting and traffi cking as illustrated in Figure 9.2.

Genetic and biochemical evidence suggests a role of ERGIC-53 in selective ER to ERGIC trans-
port of a subset of glycoproteins. The genetic data derives from the analysis of patients suffering 
from F5F8D and link ERGIC-53 to the effi cient secretion of blood coagulation factors V and VIII 
[34]. This fi nding was confi rmed in mammalian cell culture studies demonstrating reduced secretion 
of blood coagulation factors V and VIII when ERGIC-53 was mislocalized to the ER by the expres-
sion of a dominant-negative mutant of ERGIC-53 [54]. Furthermore, cross-linking experiments 
showed a direct physical interaction between blood coagulation factor VIII and ERGIC-53 [55].

Most information on the mode of action of ERGIC-53 derives from studies with ERGIC-53’s 
cargo protein cathepsin Z. Cathepsin Z is a lysosomal glycoprotein that coprecipitates with ERGIC-53 
after chemical cross-linking [35]. The requirement for chemical cross-linking refl ects the low affi nity 
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FIGURE 9.2 (See color insert following blank page 170. Also see CD for color fi gure.) Role of L-type 
lectins in glycoprotein sorting and traffi cking. ERGIC-53, VIP36, ERGL, and VIPL localize to the early secre-
tory pathway. A transport receptor function is well documented for ERGIC-53, which, for simplicity, is depicted 
as a homodimeric rather than a homohexameric protein. In the ER, ERGIC-53 captures glycoproteins, such as 
cathepsin Z (catZ) and cathepsin C (catC). The cytosolic dihydrophobic motif of ERGIC-53 (orange) binds to 
the Sec24 subunit of the COPII coat. Thereby the ERGIC-53/cargo complex is packaged into COPII-coated 
vesicles and transported to the ERGIC. In the ERGIC, a drop in pH is thought to protonate a conserved histi-
dine residue in the CRD of ERGIC-53, which together with a drop of free calcium triggers cargo release. After 
dissociation, ERGIC-53 is packaged into COPI-coated vesicles via its dilysine motif (blue) and is retrieved 
back to the ER for another round of transport. The transport signal in cathepsin Z and cathepsin C that is rec-
ognized by ERGIC-53 is composed of a high-mannose N-glycan and a β-hairpin in the protein backbone. This 
structural motif is present in both fully folded cathepsin Z and cathepsin C. The ERGIC-53 interaction partner 
MCFD2 is a luminal factor, which recruits blood coagulation factors V and VIII (F5 and F8) to ERGIC-53. 
VIPL, a short-lived ER resident protein, is a potential regulator of ERGIC-53. It may control passage of 
ERGIC-53 through the ER and perhaps regulate cargo loading. Overexpressed ERGL localizes to the ER and 
also binds to ERGIC-53 (L. Liang and H.P. Hauri, unpublished), but endogenous ERGL has not been studied 
yet. VIP36 is likely to act as a transport receptor. In contrast to ERGIC-53, VIP36 binds high-mannose glycans 
with a pH optimum of about 6.4, which favors the notion that this lectin captures cargo in the Golgi. VIP36 
might retrieve incompletely trimmed glycoproteins back to the ER in a secondary quality control process.
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of the underlying protein interaction. Unlike stable protein–protein interactions, receptor–cargo 
interactions are transient and need to be reversible. Binding of cathepsin Z occurs in the ER and is 
carbohydrate- and calcium-dependent. Dissociation of cathepsin Z takes place in the ERGIC and is 
delayed if ERGIC-53 is mislocalized to the ER [35]. These fi ndings strongly support a transport 
receptor function of ERGIC-53. Thus, ERGIC-53 captures cargo glycoproteins in the ER, recruits 
them to COPII-coated vesicles, and thereby transports them to the ERGIC where they are released 
(Figure 9.2).

How are cargo proteins released in the ERGIC? A recent study suggests that the release is 
induced by a combined change of pH and calcium in the ERGIC. Purifi ed ERGIC-53 binds to 
immobilized mannose at pH 7.4, the pH of the ER, but not at lower pH. This binding is calcium-
sensitive [36]. Although pH and calcium levels in the ERGIC are unknown, a pH drop is in line with 
the known progressive acidifi cation of the secretory pathway from the ER (pH 7.1–7.4) to the trans-
Golgi network (pH 5.9–6.3) [56,57]. On a molecular level, pH and calcium-dependent carbohydrate 
binding of ERGIC-53 can be assigned to a conserved histidine residue in its CRD that acts as a pH 
sensor. Determination of the crystal structure of ERGIC-53 in its calcium-bound form confi rmed 
that this conserved histidine residue complexes one of the two calcium ions present in ERGIC-53 
[58]. Importantly, these biochemical results are supported by in vivo data. Cell acidifi cation results 
in less effi cient binding of cathepsin Z to ERGIC-53, as opposed to organelle neutralization that 
delays cargo dissociation [36].

The identifi cation of MCFD2 as an ERGIC-53 interacting protein required for the effi cient 
secretion of blood coagulation factors V and VIII raised the possibility that MCFD2 may regulate 
the lectin activity of ERGIC-53. This possibility was tested by a siRNA approach in HeLa cells [40]. 
Depletion of MCFD2, however, did not affect binding of cathepsin Z and cathepsin C to ERGIC-53, 
indicating that the lectin activity of ERGIC-53 does not require the presence of MCFD2 in vivo. 
While MCFD2 was found in a complex with blood coagulation factor VIII [55], no direct interaction 
was evident between MCFD2 and cathepsin Z or cathepsin C [40]. This suggests that MCFD2 is a 
specifi c recruitment factor for blood coagulation factors V and VIII and that the MCFD2/ERGIC-53 
receptor complex possesses dual-binding properties. According to this model, ERGIC-53 binds 
cargo proteins such as cathepsin Z and cathepsin C in a lectin-dependent but MCFD2-independent 
manner. In contrast, blood coagulation factors V and VIII are specifi cally recruited by MCFD2. This 
notion is in line with the fi nding that unglycosylated blood coagulation factor VIII but not unglyco-
sylated cathepsin Z can be cross-linked to ERGIC-53 [35,55].

The current list of ERGIC-53 cargo proteins includes blood coagulation factors V and VIII, 
cathepsin Z, cathepsin C, nicastrin, and mutant Ig µ. What defi nes an ERGIC-53 cargo protein? 
Obviously, the mere presence of N-glycans is insuffi cient to promote effi cient binding of glycopro-
teins to ERGIC-53. Recent studies on cathepsin Z identifi ed a combined oligosaccharide/β-hairpin 
motif to be required for the ERGIC-53-assisted ER export [59]. This ER export motif is composed 
of a high-mannose-type glycan intimately associated with a surface-exposed peptide β-hairpin loop 
and is only present in the fully folded cathepsin Z. Interestingly, this oligosaccharide/β-hairpin motif 
is also present in cathepsin C, a close relative of cathepsin Z, whose transport is also dependent of 
functional ERGIC-53 [33]. The oligosaccharide/β-hairpin motif of cathepsin C can be superim-
posed with that of cathepsin Z [59]. The fi nding that ERGIC-53 recognizes both glycan and peptide 
structures in a conformation-dependent manner suggests that ERGIC-53 acts in a secondary quality 
control process following the primary folding and quality control processes in the ER. Cocrystalliza-
tion of ERGIC-53 with one of its cargo proteins will be required to understand the molecular mecha-
nisms underlying the cargo selection process in greater detail.

A recent study reporting an interaction of mutant Ig µ and ERGIC-53 points to an additional 
function of ERGIC-53 as a modulator of the oligomerization process of glycoproteins [38]. In this 
study, ERGIC-53 was found to be involved in the formation of dilated ER membranes containing 
aggregated immunoglobin heavy chains, also known as Russell bodies. In the absence of light chains, 
mutant Igµ heavy chains interact with ERGIC-53 and condense into aggregates. Hexamerization of 
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ERGIC-53 may seed this condensation and aggregation process. In more general terms, ERGIC-53 
monomers might capture cargo molecules and by hexamerization promote the oligomerization of 
bound cargo proteins.

Does VIP36 operate as a cargo receptor for glycoproteins similar to ERGIC-53? So far, no 
glycoproteins have been identifi ed whose secretion depends on VIP36. However, the localization 
and dynamics in the early secretory pathway [44,45] as well as the carbohydrate specifi city [47] 
show a high degree of similarity of VIP36 and ERGIC-53 and support the notion of a transport 
receptor function. Although sharing a carbohydrate specifi city for mannose, the glycan-binding 
parameters of VIP36 differ from those of ERGIC-53, particularly in terms of pH optimum for the 
carbohydrate interaction. ERGIC-53 binds high-mannose residues with highest affi nity at pH 7.4 
and at high calcium levels [36], whereas VIP36 shows optimal binding of the mannose D1 branch 
at a pH of 6.4. Based on the difference in pH optima, a plausible model is that VIP36 acts comple-
mentary to ERGIC-53 in secondary quality control by retrieving glycoproteins back to the ER 
[47,60]. According to this model, ERGIC-53 binds glycoproteins with high-mannose residues in 
the ER and releases the cargo due to the decrease of the pH in the ERGIC, whereas VIP36 binds 
high-mannose glycoproteins in the Golgi that have escaped correct carbohydrate processing and 
retrieves them back to the ER (Figure 9.2). However, this model is largely based on in vitro binding 
studies and requires further validation.

Due to limited knowledge, one can only speculate about possible functions of ERGL and VIPL. 
So far, no lectin activity has been reported for the two proteins. Nevertheless, the conservation of key 
residues, known to be essential for metal and sugar binding in the CRD of ERGIC-53 and VIP36, 
suggests that at least VIPL can bind glycans. A role of VIPL in glycoprotein traffi cking is endorsed 
by the fi nding that siRNA-mediated depletion of VIPL impairs the secretion of two glycoproteins 
[21]. The ER localization of VIPL, however, argues against a role as a conventional transport recep-
tor that captures cargo proteins in the ER and escorts them to the ERGIC. An interesting observation 
comes from the fi nding that overexpression of VIPL redistributes ERGIC-53 to the ER without 
affecting the morphology of the early secretory pathway or the localization of other cycling proteins, 
such as the KDEL-receptor [22]. It seems possible, that VIPL regulates the localization and function 
of ERGIC-53 and perhaps other lectins in the ER. Consistent with such a regulatory function of 
VIPL is its short half-life [21].

9.5 CONCLUSION AND FUTURE DIRECTIONS

In conclusion, the following fi ndings defi ne a role of animal L-type lectins in glycoprotein 
traffi cking:

 1. A knockout or knockdown of L-type lectins results in reduced secretion of a subset of gly-
coproteins. A knockout of ERGIC-53 is associated with F5F8D and leads to a secretion 
defect of blood coagulation factors V and VIII [34]. A knockdown of VIPL leads to the 
impaired secretion of two uncharacterized glycoproteins [21]. Furthermore, a secretion 
defect was observed for of a subset of glycoprotein upon disruption of EMP46 and EMP47, 
the two yeast gene orthologs of animal L-type lectins [51].

 2. L-type lectins directly interact with cargo glycoproteins. Direct protein interactions have 
been established for ERGIC-53 and blood coagulation factors V and VIII, cathepsin Z, 
cathepsin C, nicastrin, and mutant Ig µ [35,37,38,55,61]. α-Amylase is discussed as a puta-
tive cargo protein for VIP36 [48].

 3. The interaction of ERGIC-53 with its cargo protein cathepsin Z is dependent on the lectin 
activity of ERGIC-53 and the glycosylation state of cathepsin Z. In vivo, binding of cargo 
to ERGIC-53 occurs in the ER and dissociation in the ERGIC [35].

 4. The carbohydrate-binding properties of L-type lectins can be modulated by pH and cal-
cium levels. Glycan binding of ERGIC-53 requires a pH optimum of 7.4 and high calcium 
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levels [36], whereas VIP36 has a pH optimum of 6.4 [47]. Due to progressive acidifi cation 
along the secretory pathway, pH differences potentially regulate cargo binding and cargo 
release.

 5. L-type lectins possess ER export and ER retention/retrieval signals in their cytosolic tails. 
These signals interact with coat subunits and mediate recruitment into transport vesicles. 
The continuous cycling of ERGIC-53 and VIP36 is in line with the proposed transport 
receptor function.

It will be important to functionally characterize the less well-defi ned members of the animal L-type 
lectin family. ERGL and VIPL have been defi ned as L-type lectins only due to their homology to 
ERGIC-53. The conservation of key residues essential for metal and sugar binding suggests that at 
least VIPL is a functional lectin [21,22] but binding studies with glycans will be required to clarify this 
point. An attractive method to determine the carbohydrate-binding properties of animal L-type lectins 
is frontal affi nity chromatography, a method which was successfully applied to VIP36 [47]. Using 
frontal affi nity chromatography, a sugar library is screened for binding to the recombinant CRD of the 
lectin. The method provides information on carbohydrate specifi city and affi nity. Moreover, one can 
easily change the binding environment and thereby investigate pH and calcium dependence of the 
carbohydrate binding. Nevertheless, the fi ndings obtained by frontal affi nity chromatography will 
require validation in vivo, for instance, by studying protein secretion in cells in which a given lectin is 
silenced by siRNA. Since siRNA-mediated knockdowns often suffer from incomplete protein deple-
tion, functional studies should also be conducted in L-type lectin knockout mice.

Our understanding of L-type lectins greatly profi ted from the characterization of ERGIC-53 and 
the identifi cation of cargo proteins, which directly interact with ERGIC-53. Cargo proteins for 

FIGURE 9.3 (See color insert following blank page 170. Also see CD for color fi gure.) Luminal YFP 
complementation as a tool to identify cargo proteins of L-type lectins. L-type lectins bind their cargo proteins in 
the lumen of the ER, which is an oxidizing environment with a high calcium concentration. This interaction is 
carbohydrate-dependent, transient, and of low affi nity, and hence diffi cult to capture. The luminal YFP comple-
mentation assay was developed as a powerful tool to trap and visualize protein–protein interactions in the lumen 
of the secretory pathway of living cells. (From Nyfeler, B., Michnick, S.W., and Hauri, H.P., Proc. Natl Acad. Sci. 
USA, 102, 6350, 2005.) The basic concept of the luminal YFP complementation assay relies on splitting YFP into 
two fragments, YFP fragment 1 and YFP fragment 2, which show no fl uorescence by themselves and do not 
spontaneously fold. YFP fragments 1 and 2 are fused to an L-type lectin and a potential cargo protein, respec-
tively. The fusion proteins are expressed in mammalian cells. If they interact, the YFP fragments are brought into 
close proximity and are able to reconstitute fl uorescent YFP. The luminal YFP complementation approach was 
shown to be specifi c and capable of capturing the interactions of ERGIC-53 with its cargo proteins cathepsin Z 
and cathepsin C. (From Nyfeler, B., Zhang, B., Ginsburg, D., Kaufman, R.J., and Hauri, H.P., Traffi c, 7, 1473, 
2006; Nyfeler, B., Michnick, S.W., and Hauri, H.P., Proc. Natl Acad. Sci. USA, 102, 6350, 2005.)
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VIP36, ERGL, and VIPL remain to be found. The identifi cation of cargo proteins of L-type lectins 
is far from trivial due to the weak and transient nature of the underlying protein interactions. The 
yeast two-hybrid system and analysis of pull-downs by mass spectrometry are currently the most 
popular methods to identify interacting proteins. Although highly successful in the dissection of 
cytosolic protein complexes, these methods are of limited value to detect protein interactions of 
L-type lectins and cargo proteins in the lumen of the ER, ERGIC, and Golgi. These limitations can 
be overcome with the adaptation of the recently developed yellow fl uorescence protein (YFP) com-
plementation assay to the lumen of the secretory pathway [61,62]. The basic concept of the luminal 
YFP complementation is depicted in Figure 9.3 and relies on splitting the YFP reporter protein into 
two fragments that exhibit no fl uorescence by themselves. These YFP fragments are fused to inter-
acting proteins whose interaction brings the two YFP fragments into close proximity and induces the 
correct folding and complementation of fl uorescent YFP. The proof-of-concept of luminal YFP com-
plementation was provided using ERGIC-53 and its interaction partners as a model [61]. YFP 
fl uorescence complementation revealed the oligomerization of ERGIC-53, its interaction with 
MCFD2, and its lectin-dependent interaction with cathepsin Z and cathepsin C. The high specifi city 
of the assay was demonstrated by the fi nding that inactivation of ERGIC-53’s lectin domain by a 
point mutation selectively impaired YFP complementation of the lectin-dependent interaction with 
cathepsin Z [61]. Due to the irreversible nature of YFP complementation, transient protein interac-
tions can be trapped, which is highly desirable for the identifi cation of novel L-type lectin cargo 
proteins. As demonstrated by Remy and Michnick, YFP complementation can be used to screen for 
protein interaction partners in a genomewide setting [63]. The potential setup for a genomewide 
L-type lectin cargo hunt would be as follows: One fragment of YFP is fused to a cDNA library while 
the second YFP fragment is fused to an L-type lectin. The L-type lectin bait protein is coexpressed 
with the cDNA fusion library, cells expressing complemented YFP are isolated by fl uorescence 
activated cell sorting (FACS), and library plasmids are recovered and analyzed. Such a genomewide 
cargo hunt by YFP complementation holds the promise to identify novel glycoprotein cargo of 
L-type lectins, which may increase our knowledge of the role of animal L-type lectins in glycoprotein 
sorting and traffi cking.
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10.1 INTRODUCTION

The mannose-6-phosphate receptors (MPRs) play an essential role in the formation of functional 
lysosomes by directing newly synthesized soluble acid hydrolases containing a mannose 
6-phosphate (Man-6-P) tag to lysosomes. The importance of this targeting process in the genera-
tion of lysosomes containing a full-complement of hydrolytic enzymes is evidenced by the 
existence of over 40 different lysosomal storage diseases (LSDs) [1–3]. LSDs constitute a signifi cant 
portion of inborn metabolic disorders: Although individually rare, the collective frequency of 
LSDs is estimated to be approximately 1 in 8000 live births [4]. The majority of LSDs are caused 
by a defi ciency of a single lysosomal enzyme that results in the accumulation or storage of undi-
gested endogenous macromolecules within lysosomes, with the defective lysosomes appearing as 
phase-dense inclusions in the cytoplasm. How the accumulation of macromolecules in lyso-
somes leads to progressive cellular and organ dysfunction and to the enormous heterogeneity of 
clinical phenotypes observed in LSD patients remains an unanswered question [3]. In vitro cell 
culture studies demonstrating that the addition of exogenous enzyme to fi broblasts from LSD 
patients could decrease the intracellular accumulation of stored products in lysosomes [5–7] 
paved the way for the treatment of patients by enzyme replacement therapy. In these patients, 
lysosomal storage can be partially or completely reversed in many target tissues by intravenous 
injection, typically on a weekly basis, of the missing lysosomal enzyme, and the injected enzyme 
is internalized by receptor-mediated endocytosis via endogenous receptors. To date, three (Fabry 
disease, Mucopolysaccharidosis I, and Pompe disease) out of the four Food and Drug Administration 
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(FDA)-approved enzyme replacement therapies target the MPRs for uptake of the infused Man-6-P-
containing enzyme [8]. Understanding the molecular basis of how MPRs function in the bio-
genesis of lysosomes is of fundamental importance in the development of new and improved 
therapies for the treatment of LSDs.

10.2  SYNTHESIS OF LYSOSOMAL ENZYMES AND GENERATION 
OF THE MAN-6-P TAG

Generation of the Man-6-P signal occurs by a two-step process during transit of lysosomal enzymes 
through the endoplasmic reticulum (ER)–Golgi biosynthetic pathway (Figure 10.1A). The fi rst 
enzyme, UDP-N-acetylglucosamine:lysosomal enzyme N-acetylglucosamine-1-phosphotrans-
ferase (phosphotransferase; IUBMB accession number EC 2.7.8.17), attaches N-acetylglucosamine 
(GlcNAc) 1-phosphate to the C-6 hydroxyl group of one or more mannose residues to form the 
Man-6-P-OGlcNAc phosphodiester intermediate [9–12] (Figure 10.1B). This selective phosphoryla-
tion of N-linked high-mannose-type oligosaccharides is achieved by the ability of the phospho-
transferase to recognize a surface patch on lysosomal enzymes, with two or more lysine residues 
that are correctly spaced relative to each other and to the oligosaccharide chain serving as critical 
elements of a more extensive three-dimensional recognition marker [13–15]. The second enzyme, 
N-acetylglucosamine-1-phosphodiestera-N-acetylglucosaminidase, which is often referred to as 
the “uncovering enzyme” (IUBMB accession number EC 3.1.4.45), removes the GlcNAc moiety 
in the trans-Golgi network (TGN) to generate the phosphomonoester [16–18] (Figure 10.1C). 
The uncovering enzyme is synthesized as a proenzyme with little or no enzymatic activity and the 
removal of the propeptide by furin in the TGN has been shown to be essential for the generation of 
an active enzyme [19,20]. The MPRs encounter a diverse array of Man-6-P-tagged lysosomal 

FIGURE 10.1 Generation of the Man-6-P tag on N-linked oligosaccharides. (A) Phosphorylation of mannose 
residues on N-linked oligosaccharides occurs in two steps. First, the phosphotransferase transfers GlcNAc-
1-phosphate from UDP-GlcNAc to the C-6 hydroxyl group of mannose to form the Man-6-P-OGlcNAc phos-
phodiester intermediate. Second, the uncovering enzyme removes the GlcNAc moiety in the TGN, revealing 
the Man-6-P phosphomonoester. The stars indicate the fi ve potential sites of phosphorylation. (B) Structure 
of Man-6-P-OGlcNAc phosphodiester. (C) Structure of Man-6-P phosphomonoester.
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enzymes in the TGN since phosphorylated oligosaccharides isolated from lysosomal enzymes have 
been shown to be quite heterogeneous, containing one or two phosphomannosyl residues 
(phosphomonoester or GlcNAc phosphodiester) that can be located at fi ve different positions in the 
oligosaccharide chain (Figure 10.1A) [9–11].

Genetic defects in the phosphotransferase cause the autosomal recessive LSD, mucolipidosis II 
(ML II; also referred to as “I-cell disease”), and mucolipidosis III (ML III; also referred to as 
“pseudo-Hurler polydystrophy”) in which the activity of the enzyme is absent or reduced, respec-
tively [21]. Unlike LSDs affecting single enzymes in a catabolic pathway, these disorders are 
characterized by impaired sorting of multiple newly synthesized enzymes to lysosomes and their 
subsequent secretion from cells due to the inability of the enzymes to acquire the Man-6-P tag and 
be recognized by the MPRs. ML II and ML III share similar clinical features. However, ML II is 
more severe, often noted shortly after birth whereas ML III has a later onset and a slower course. 
Consequently, ML II patients typically die during the fi rst decade of life due to cardiovascular 
system dysfunction resulting from progressive storage of undigested material in the lysosomes of 
fi broblasts in the connective tissue of the heart valves, endocardium, myocardium, and perivascular 
areas [22].

The discovery of the receptors that mediate lysosomal enzyme targeting arose from inves-
tigations into the molecular basis of ML II. Hickman and Neufeld made key observations that 
ML II fibroblasts were capable of endocytosing lysosomal enzymes secreted by normal cells 
while, in contrast, normal cells were incapable of internalizing the enzymes secreted by ML II 
fibroblasts [5]. Their suggestion that lysosomal enzymes contained a recognition marker 
required for uptake and transport to lysosomes was later confirmed with the identification of 
the marker as Man-6-P [23–25]. Compared to ML II patients, transgenic mice lacking both 
MPRs demonstrate a more severe phenotype of embryonic lethality that has been attributed to 
the loss of insulin-like growth factor II (IGF-II) regulation resulting from the absence of the 
CI-MPR [26–29]. Analyses of fibroblasts derived from these transgenic animals show that 
these cells secrete the majority of their lysosomal enzymes and accumulate undigested 
material in their lysosomes in a manner similar to that observed in fibroblasts from ML II 
patients [30,31], demonstrating that a similar phenotype can result from either a deficiency of 
the Man-6-P tag or the MPRs.

10.3 PRIMARY STRUCTURE OF THE MPRS

The P-type lectins are type I transmembrane glycoproteins that exist as oligomers: the cation-depen-
dent mannose-6-phosphate receptor (CD-MPR) is a stable homodimer and the cation-independent 
mannose-6-phosphate receptor (CI-MPR) most likely exists in the form of a dimer (see Ref. [32] 
for a review) (Figure 10.2). The bovine CD-MPR is composed of a 28-residue amino-terminal 
signal sequence, a 159-residue extracytoplasmic region, a 25-residue transmembrane region, and 
a 67-residue carboxyl-terminal cytoplasmic domain. The extracytoplasmic region of the CD-MPR 
contains six cysteine residues that are involved in the formation of three intramolecular disulfi de 
bonds that play an essential role in the folding of the receptor [33]. The CI-MPR contains a 
44-residue amino-terminal signal sequence, a large 2269-residue extracytoplasmic region, a 
23-residue transmembrane region, and a 163-residue carboxyl-terminal cytoplasmic domain. 
The large extracytoplasmic region is composed of 15 contiguous domains that display a similar 
size (∼150 residues) and cysteine distribution, and exhibit signifi cant amino acid identity (14%–
38%) when compared to each other and to the CD-MPR, giving rise to the prediction that they 
have a similar tertiary structure. This hypothesis has been confi rmed, in part, by crystal structure 
determinations, which show that the extracytoplasmic region of the CD-MPR and domains 1, 2, 
3, and 11 of the CI-MPR all exhibit the same fold (see below). The MPRs undergo several types 
of co- and posttranslational modifi cations. The CD-MPR contains fi ve potential N-glycosylation 
sites, four of which are utilized. The bovine CI-MPR contains 19 potential N-glycosylation sites, 
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and it is likely that the majority of these sites are modifi ed based on a comparison of glycosy-
lated versus nonglycosylated species by sodium dodecyl sulfate (SDS) polyacrylamide gel elec-
trophoresis [34,35]. Like the CD-MPR, the cytoplasmic region of the CI-MPR undergoes 
phosphorylation and palmitoylation. Palmitoylation of the CD-MPR has been shown to prevent 
its degradation in lysosomes [36] while serine phosphorylation of both MPRs has been shown 
to influence their intracellular transport [37–39].

10.4 TRAFFICKING OF THE MPRs AND THEIR CARGO

The MPRs cycle between the TGN, endosomes, and the plasma membrane (Figure 10.3) and 
recent live video microscopy using fl uorescently tagged proteins, such as green fl uorescent protein 
fused to the CI-MPR [40,41], has highlighted the dynamic nature of this sorting process. Although 
the MPRs direct newly synthesized soluble acid hydrolases to the lysosome, the receptors are not 
detected in lysosomal compartments. In contrast to many endocytic receptors, only ∼10% of the 
MPRs are present at the cell surface while the remainder of the receptors are found predominantly 
in endosomal compartments and the TGN. Numerous studies have provided insight into the 
complex intracellular pathways traversed by the P-type lectins (for reviews, see Refs. [42–44]). 
A brief overview of these pathways and their associated signals and cytosolic transport factors is 
provided in the following sections.
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FIGURE 10.2 (See CD for color fi gure.) Schematic diagram of the CD-MPR and CI-MPR. The MPRs are 
type I transmembrane glycoproteins. The CD-MPR exists as a homodimer. The CI-MPR also undergoes 
oligomerization and most likely exists as a dimer. The extracytoplasmic region of the CI-MPR is comprised 
of 15 contiguous domains, each approximately 150 residues in length, which exhibit 14%–38% amino 
acid identity when compared to each other or to the extracytoplasmic domain of the CD-MPR. The Man-6-P-
binding sites are highlighted in pink. The CD-MPR contains a single high-affi nity Man-6-P binding site per 
polypeptide. In contrast, the CI-MPR contains three carbohydrate recognition sites: two high affi nity sites are 
localized to domains 1–3 and domain 9, and one low affi nity site is contained within domain 5.
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10.4.1 INTRACELLULAR LIGANDS AND THE “SYNTHETIC PATHWAY”

Recognition of Man-6-P-tagged acid hydrolases by the P-type lectins occurs in the TGN. The resulting 
lysosomal enzyme–receptor complexes are subsequently transported from the TGN to endosomal 
compartments via clathrin-coated vesicles (Figure 10.3). This process selectively sorts lysosomal 
enzymes from literally thousands of other proteins within the secretory pathway. The localization 
and traffi cking of the MPRs relies upon canonical sorting motifs within their cytosolic domains, 
which are recognized by components of the vesicular traffi cking machinery. However, there is some 
evidence to suggest that the lumenal domain of the CI-MPR also infl uences its intracellular sorting 
[41,45,46]. Although a role for the clathrin adaptor protein 1 (AP-1) in the transport of MPRs from 
the TGN to endosomes has not been ruled out [47], signifi cant evidence exists that members of the 
Golgi-localized, Gamma-ear-containing, ADP-ribosylation (GGA) factor-binding protein family, 
which comprise three members in mammals (GGA1, GGA2, and GGA3), sort the MPRs into 
clathrin-coated vesicles at the TGN and may also mediate MPR traffi cking between early and late 
endosomal compartments [48]. In addition, direct interaction between an acidic cluster–dileucine 
motif located near the C-terminus of the MPRs and the VHS (VPS27/Hrs/STAM) domain of the 
GGA family members has been shown [49–52].

FIGURE 10.3 (See color insert following blank page 170. Also see CD for color fi gure.) Subcellular 
localization and traffi cking of the MPRs. Delivery of newly synthesized lysosomal enzymes to lysosomes 
requires three major events. First, the phosphotransferase distinguishes lysosomal enzymes from other 
proteins in the Golgi and attaches a phosphorylated GlcNAc to mannose residues on their N-linked oligosac-
charides. Second, the uncovering enzyme acts in the TGN to remove the GlcNAc residue, generating the Man-
6-P phosphomonoester. Third, the MPRs bind the Man-6-P-tagged lysosomal enzymes in the TGN and divert 
them from the secretory pathway. The enzyme-bound receptors are concentrated into clathrin-coated vesicles 
and transported from the TGN to endosomal compartments. Within the acidic pH of the late endosomal com-
partment, the lysosomal enzymes dissociate from the MPRs and are subsequently packaged into lysosomes 
where they can be dephoshorylated by the action of lysosomal phosphatases. The MPRs recycle back to the 
TGN to repeat the process or move to the cell surface where the CI-MPR, but not the CD-MPR functions to 
internalize exogenous ligands. The MPRs cycle continuously between intracellular compartments (TGN, 
endosomes) and the plasma membrane (blue shaded organelles). At steady state, little or no receptors are 
detected in the ER, Golgi stacks, or lysosome (gray shaded organelles). Clathrin (red dots).
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Within the acidic pH (<6.0) environment of late endosomal compartments, the lysosomal 
enzymes are released from the MPRs and are packaged into lysosomes by an unknown mechanism 
[42,53]. The MPRs do not travel to lysosomes but recycle from endosomal compartments back to 
the TGN to retrieve additional enzymes from the secretory pathway (Figure 10.3). This endosome–
TGN retrieval pathway, which does not appear to require clathrin, is mediated by a multiprotein 
complex termed “retromer” [54–56]. Other sorting molecules, phosphofurin acidic cluster sorting 
protein-1 (PACS-1), which binds to the C-terminal cluster of acidic residues in the cytosolic tail of 
the CI-MPR in addition to interacting with the AP-1 [57–59], tail-interacting protein of 47 kDa 
(TIP47) [60,61], and EpsinR [62] have also been implicated in mediating the endosome-to-TGN 
retrieval of the CI-MPR. PACS-1/AP-1 likely participates in receptor recycling from early endo-
somes whereas TIP47/Rab9 facilitates receptor recycling from late endosomes. Recent studies have 
provided additional support for a regulatory role of phosphorylation in the complex itinerary of the 
MPRs [63–65].

10.4.2 EXTRACELLULAR LIGANDS AND THE “RECAPTURE PATHWAY”

Cell surface CI-MPRs, but not CD-MPRs, carry out the internalization of a variety of Man-6-P-
containing ligands for their subsequent clearance or activation (see below). With respect to lysosomal 
enzymes, cell surface CI-MPRs function in the endocytic recapture of Man-6-P-modifi ed acid hydro-
lases that are not properly sorted from the secretory pathway at the TGN [30,66–68]. This property of 
the CI-MPR forms the basis of enzyme replacement therapy for several LSDs (see above) and 
explains, in part, the observation that the CI-MPR is more effi cient than the CD-MPR in targeting 
lysosomal enzymes to the lysosome [68,69]. Although the CD-MPR cycles between the cell surface 
and intracellular compartments, it does not play a signifi cant role in the recapture of secreted lyso-
somal enzymes due to its decreased ability to bind lysosomal enzymes at pH 7.4 [70]. Endocytosis of 
both MPRs from the plasma membrane involves formation of clathrin-coated vesicles mediated by 
AP-2 [71,72]. A single tyrosine-based internalization sequence, YKYSKV, has been identifi ed in the 
cytoplasmic domain of the CI-MPR that is recognized by AP-2 [73–75]. In contrast, the cytosolic tail 
of the human CD-MPR contains three separate internalization sequences: A phenylalanine-containing 
sequence (AKGMEQF), a tyrosine-based motif (YRGV), and the C-terminal dileucine motif that also 
infl uences sorting of the receptor at the TGN and endosomes [76].

10.5 EXPANDING LIST OF MAN-6-P-CONTAINING PROTEINS

In addition to lysosomal enzymes, the repertoire of identifi ed extracellular ligands of the CI-MPR 
has expanded to include a diverse spectrum of Man-6-P-containing proteins [32]. For example, two 
viruses, herpes simplex virus [77] and varicella-zoster virus [78], have been shown to express viral 
Man-6-P-containing glycoproteins, which function to facilitate the entry of the virus into mammalian 
cells via the CI-MPRs. Elegant studies by Chen et al. [79] have clarifi ed the pathology of varicella-
zoster virus infection. Intracellular CI-MPR diverts newly enveloped varicella-zoster virus to late 
endosomes, thereby preventing the spread of the virus. However, CI-MPR expression is lost in 
maturing superfi cial epidermal cells and thus these cells do not divert the virus to endosomes but 
rather constitutively secrete infectious virus particles. With respect to endogenous mammalian pro-
teins, a number of secreted proteins have been shown to contain Man-6-P, such as transforming 
growth factor (TGF) precursor [80], the cytokine leukemia inhibitory factor (LIF) [81], the placental 
angiogenic hormone proliferin [82], the aspartic protease renin precursor [83], the serine proteases 
granzymes A and B [84], the T cell activation antigen CD26 [85], and the cysteine proteinase inhibi-
tor cystatin F [86]. Roles for the interaction of these nonlysosomal proteins with cell surface 
CI-MPRs include activation (e.g., TGF- precursor [87], renin precursor [88]) and clearance from the 
plasma (e.g., LIF [89]). Recent proteomic approaches using affi nity columns containing immobi-
lized CI-MPR have identifi ed new Man-6-P-containing lysosomal proteins [90,91]. In addition, this 
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methodology has demonstrated that a small proportion of abundant classical plasma proteins 
(e.g., α1-acid glycoprotein, ceruloplasmin, haptoglobin) exist as Man-6-P-containing glycoforms 
[91]. Although not directly demonstrated, it is assumed that these nonlysosomal proteins acquire 
Man-6-P by the same phosphotransferase that acts on acid hydrolases. In addition, it is not clear how 
these Man-6-P-containing proteins can escape interaction with the MPRs in the TGN and are 
secreted rather than being diverted to the endosome/lysosome system. Clearly, additional studies 
are needed to address these questions.

10.6 CARBOHYDRATE-BINDING PROPERTIES OF THE MPRs

Soluble acid hydrolases constitute a heterogeneous population of over 50 enzymes that differ in size, 
oligomeric state, number of N-linked oligosaccharides, extent of phosphorylation, and the position 
of the Man-6-P moiety and its linkage to the penultimate mannose residue in the oligosaccharide 
chain (Figure 10.1A). Due to the presence of both MPRs in most cell types, the relative contribution 
of each MPR to the targeting of this diverse population of enzymes to the lysosome has been examined. 
The two MPRs display different affi nities and capacities for transport of the various acid hydrolases, 
and studies utilizing receptor-defi cient fi broblasts demonstrate that both receptors are necessary for 
the effi cient sorting of all lysosomal enzymes to the lysosome as neither MPR can fully compensate 
for the other [66–68,92].

The CD-MPR and CI-MPR share a number of similarities with respect to carbohydrate recogni-
tion. For example, both MPRs bind the monosaccharide Man-6-P with essentially the same affi nity 
(7–8 × 10−6 M) [70,93]. The axial 2-hydroxyl group and the 6-phosphate monoester group are major 
determinants of binding specifi city based on the observation that mannose or glucose 6-phosphate 
interact poorly with the MPRs (Ki = 1–5 × 10−2 M) [70]. Inhibition studies using chemically synthe-
sized oligomannosides or neoglycoproteins demonstrated that the presence of the phosphomonoester 
Man-6-P at a terminal position is the major determinant of receptor binding. In addition, linear man-
nose sequences, which contain a terminal Man-6-P linked α1,2 to the penultimate mannose, were 
shown to be the most potent inhibitors [94,95], suggesting that the MPRs bind an extended oliogo-
saccharide structure, which includes the Man-6-P α1,2 Man sequence. Furthermore, multivalent 
interactions between the receptor and a lysosomal enzyme result in high-affi nity binding, typically 
on the order of 1–10 nM for both MPRs [69,70,92].

In contrast to these similarities, the two MPRs exhibit a number of differences in their binding 
properties, which include pH dependence, cation dependence, and recognition of phosphodiesters. 
The two MPRs display optimal ligand binding at ∼pH 6.4 and no detectable binding below pH 5, 
which is consistent with their function of releasing ligands in the acidic environment of the endo-
some. The CI-MPR retains phosphomannosyl binding capabilities at neutral pH, which corresponds 
well with the ability of this receptor to bind and internalize lysosomal enzymes at the cell surface. 
In contrast, the ligand-binding ability of the CD-MPR is dramatically reduced at a pH > 6.4 [70,93], 
which is consistent with its decreased ability to bind and internalize lysosomal enzymes at the cell 
surface [96]. The inability to purify the CD-MPR by phosphomannosyl affi nity chromatography 
performed in the absence of cations led to its designation as a “cation-dependent” receptor [97]. 
However, the presence of cations increases the binding affi nity of the CD-MPR toward Man-6-P 
[70] and lysosomal enzymes only four-fold [98] but has no effect on the binding affi nity of the 
CI-MPR. This fi nding differentiates the CD-MPR from C-type lectins, which have an absolute 
requirement for calcium to carry out their sugar-binding activities [99]. Mutagenesis studies [98] 
evaluated in the context of the crystal structure [100,101] indicate that a conserved aspartic acid 
residue at position 103 of the CD-MPR, which is not present in the CI-MPR, necessitates the 
presence of a divalent cation in the binding pocket to obtain high-affi nity ligand binding by 
functioning to neutralize the negative charge of Asp-103 juxtaposed to the phosphate oxygen of 
Man-6-P. The CI-MPR, unlike the CD-MPR, is able to recognize Man-6-P-OGlcNAc phosphodiesters 
[70,93,94] as well as lysosomal enzymes derived from Dictyostelium discoideum, which contain 
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mannose-6-sulfate residues and small methyl phosphodiester, Man-6-P-OCH3, but not phosphomo-
noesters [102,103]. Furthermore, the MPRs differ in the number of Man-6-P binding sites contained 
within their polypeptide chain, with the CD-MPR containing one [70] and the CI-MPR containing 
three Man-6-P binding sites [104].

Expression of recombinant truncated forms of the CI-MPR has mapped its three carbohydrate-
binding sites to discrete regions within its large extracellular region: Two high-affi nity sites (Ki = 
∼10 m M for Man-6-P) map to domains 1–3 and domain 9 [105] while domain 5 houses a low-
affi nity (Ki = ∼5 mM for Man-6-P) binding site [104] (Figure 10.2). A comparison of the binding 
properties of the individual carbohydrate recognition sites demonstrated that domain 9 of the 
CI-MPR exhibits optimal binding at pH 6.4–6.5, similar to that of the CD-MPR. In contrast, the 
N-terminal Man-6-P binding site (i.e., domains 1–3) has a signifi cantly higher optimal binding pH 
of 6.9–7.0 [106]. This observation may not only explain the relatively broad pH range of ligand 
binding by the CI-MPR but also likely is a main contributor to the ability of the CI-MPR, as opposed 
to the CD-MPR, to internalize exogenous ligands at the slightly alkaline pH 7.4 present at the cell 
surface. Domain 9 of the CI-MPR, like the CD-MPR, is highly specifi c for phosphomonoesters. 
In contrast, the N-terminal carbohydrate recognition site of the CI-MPR is promiscuous in that, in 
addition to Man-6-P, it is able to effi ciently bind the Man-6-P-OCH3 phosphodiester and mannose 
6-sulfate [106]. Taken together, the presence of three distinct carbohydrate recognition sites in the 
CI-MPR likely accounts for the ability of the CI-MPR to recognize a greater diversity of ligands 
than the CD-MPR both in vitro [92,107] and in vivo [30,66,67,108].

10.7 CRYSTAL STRUCTURE OF TRUNCATED FORMS OF THE MPRs

To date, the crystal structure of the extracytoplasmic region of the CD-MPR bound to either a single 
sugar, Man-6-P [100], or to an oligosaccharide, pentamannosyl phosphate [101], or in the unbound 
state [109] has been determined. Four out of the 15 domains of the CI-MPR have also been crystal-
lized: the N-terminal 432 residues (domains 1, 2, and 3), which houses a high-affi nity Man-6-P binding 
site, bound to either a mannose residue from a crystallographic neighbor [110] or Man-6-P [111]; 
the IGF-II binding site (domain 11) in the unbound state [112,113]. These structures have provided 
a framework from which the mechanism of ligand binding by the MPRs can be inferred.

The extracytoplasmic domain of the CD-MPR is crystallized as a dimer (Figure 10.4A), which is 
consistent with previous biochemical data. Each polypeptide chain folds into an N-terminal helix 
followed by four antiparallel β-strands, which together comprise the solvent-exposed front face. 
The dimer interface sheet (β5–β9), which accounts for approximately 20% of the surface area of the 
monomer, is composed of fi ve antiparallel β-strands, with strand 9 interjecting between strands 7 
and 8 (Figure 10.4C). Subsequent determination of the structure of domains 1–3 (Figure 10.4B) and 
domain 11 of the CI-MPR showed this overall topology is conserved with the exception of the N-terminal 
region: Neither domains 1–3 nor domain 11 contains the α-helix; rather, this secondary structural 
element is replaced by two β-strands (Figure 10.4C). The quaternary domain arrangement of CD-MPR 
is not conserved in the structure of domains 1–3 of the CI-MPR. The structure of the N-terminal 
region of the CI-MPR shows the three domains form a wedge with domains 1 and 2 oriented such that 
the four-stranded N-terminal β−sheet (β1–β4) of domain 1 and the fi ve-stranded C-terminal β−sheet 
(β5–β9) of domain 2 form a continuous surface (Figure 10.4B). In comparison to the CD-MPR in 
which extensive contacts exist between the two dimer interface β. -sheets (β5

~
–β9) (Figure 10.4A), 

the interaction between the three N-terminal domains of the CI-MPR is quite different and is much 
less extensive: The contacts between the three domains are mediated mainly by residues within the 
linker regions and loops (Figure 10.4B). However, the contacts between domains 1, 2, and 3 are 
important for maintaining the integrity of the binding pocket housed within domain 3. The multiple 
interactions between residues of domains 1 and 2 with residues of loops C and D of domain 3 are likely 
to aid in the stabilization of the binding pocket and provide an explanation for the inability of a construct-
encoding domain 3 alone to generate a high-affi nity carbohydrate binding site [105].
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A comparison of the sugar-binding pocket of the CD-MPR and domain 3 of the CI-MPR 
reveals that residues, which interact with the mannose ring (Gln, Arg, Glu, and Tyr), are located 
in a strikingly similar position in the “base” of the pocket (Figure 10.5A) and form the same contacts 
with the ligand (Figure 10.5A and B). These four residues have been shown to be essential for 
Man-6-P recognition by mutagenesis studies (Figure 10.5B), and are conserved in all species and 
in the other two Man-6-P binding sites of the CI-MPR (i.e., domains 5 and 9) (Figure 10.5C). 
The presence of this “signature motif” for phosphomannosyl binding (Gln, Arg, Glu, and Tyr) 
along with conserved cysteine residues (Figure 10.5C) allowed for the prediction that domain 5 of 
the CI-MPR contains a Man-6-P binding site, a hypothesis which was subsequently confi rmed 
[104]. Furthermore, mutation of Gln, Arg, Glu, and Tyr in domain 9 demonstrates their essential 
role in carbohydrate recognition by this binding site [114] (Figure 10.5B). Thus, the strict requirement 
for a terminal mannose residue by both receptors is refl ected in the similarities in that region of 
the binding pocket responsible for sugar recognition.

In contrast, the phosphate recognition region (lid) of the binding site appears to have the most 
variability both in amino acid composition and structure. In both receptors, the lid is formed by 
residues joining b-strands 6 and 7 (loop C). This lid region is larger in the CD-MPR and the 
positioning of the disulfi de anchors the loop in a more closed position, which translates into a more 
sterically confi ned binding region (Figure 10.5A). The conformationally constrained lid may account 
for the inability of CD-MPR to bind phosphodiesters. Shortening of both loops C and D effectively 
makes the binding pocket of domains 1–3 more open than that of the CD-MPR (Figure 10.5A), 
allowing for this region of the CI-MPR to bind a larger repertoire of ligands, including phosphomo-
noesters, mannose 6-sulfate, and phosphodiesters. Thus, the diversity in ligand recognition by the 
two receptors appears to be accomplished by alterations in the receptor binding site architecture 
surrounding the phosphate moiety.

Domain 1 Domain 2

N

Domain 3
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N N
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2

3

4

5 6 7 89

C
C

C

N

(A) (B) (C)

FIGURE 10.4 (See color insert following blank page 170. Also see CD for color fi gure.) Three-dimensional 
structure of the CD-MPR and domains 1–3 of the CI-MPR. (A) Crystal structure of the extracytoplasmic region 
(residues 3–154) of the bovine CD-MPR in the presence of an oligosaccharide, pentamannosyl phosphate (PDB 
1C39). Note that only the terminal Man-6-P (gold ball-and-stick model) is shown for clarity. Both monomers 
(light purple and dark purple) of the CD-MPR dimer are shown in this ribbon diagram. The location of the 
N-terminus (N) and C-terminus (C) of one monomer are indicated. (B) Crystal structure of the N-terminal three 
domains (residues 7–432) of the bovine CI-MPR (PDB 1SZO). The N- and C-terminus of the protein-encoding 
domain 1 (blue), domain 2 (pink), and domain 3 (green) are indicated. The location of Man-6-P (gold ball-and-
stick model) is shown. (C) Overlay of the structures of the CD-MPR (purple) and domain 3 (green) of the 
CI-MPR. The strands are sequentially numbered. The disulfi de bridges are shown in gold, and the N- and 
C-terminus are indicated.
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FIGURE 10.5 (See CD for color fi gure.) Comparison of the carbohydrate-binding pocket of the CD-MPR 
and domain 3 of the CI-MPR. (A) Ribbon diagram showing the binding site of the CD-MPR (purple) superim-
posed onto domain 3 (green) of the CI-MPR. Loops C and D are labeled. The disulfi des are shown in gold and 
Man-6-P (gold ball-and-stick model) is also indicated. (B) Schematic view of the potential hydrogen bond and 
ionic interactions between the binding pocket residues of the CD-MPR and Man-6-P (gold ball-and-stick). 
Directly beneath the CD-MPR designations (underlined) are listed the corresponding carbohydrate-binding site 
residues of domains 3 and 9 of the CI-MPR. Shaded in light gray are the residues that have not been tested (black 
amino acid label) or when mutated (D103) retained wild-type Man-6-P binding ability. Shaded in dark gray are 
the residues which when mutated resulted in receptors with diminished (∼50–150-fold) Man-6-P-binding ability 
as compared to wild-type receptors. Shaded in blue are the residues identifi ed as essential for carbohydrate 
recognition by the MPRs (i.e., single amino acid substitution of these residues abolished (∼1000-fold) the 
Man-6-P-binding ability of the receptors). (From Sun, G., Zhao, H., Kalyanaraman, B., and Dahms, N.M., 
Glycobiology, 15, 1136, 2005; Hancock, M.K., Haskins, D.J., Sun, G., and Dahms, N.M., J. Biol. Chem., 277, 
11255, 2002; Olson, L.J., Hancock, M.K., Dix, D., Kim, J.-J.P., and Dahms, N.M., J. Biol. Chem., 274, 36905, 
1999; Wendland, M., Waheed, A., von Figura, K., and Pohlmann, R., J. Biol. Chem., 266, 2917, 1991.) (C) Structure-
based amino acid sequence alignment of the extracytoplasmic region of the CD-MPR and domains 3, 5, and 9 of 
the CI-MPR. The secondary structure of domain 3 of the CI-MPR and the CD-MPR are shown, with arrows 
representing the b-strands and the cylinder representing the single a-helix. The cysteine residues are boxed. 
Residues that have been subjected to site-directed mutagenesis are shaded and color-coded as in panel B. Domain 
5 of the CI-MPR has the conserved residues (open color-coded boxes), but they have not yet been mutated.
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Unlike what has been observed in other lectins, the crystal structure of the ligand-free 
CD-MPR differs considerably from the ligand-bound form in that changes in both quaternary 
structure and positioning of loops involved in sugar binding are seen, along with changes in the 
spacing of the two carbohydrate binding sites in the dimeric receptor [109]. These results indicate 
that the CD-MPR protein is dynamic. It is intriguing to speculate that the receptor can alter the 
spacing of its two sugar binding sites in order to accommodate the diverse spatial array of phos-
phomannosyl-containing oligosaccharides found on the approximately 50 different lysosomal 
enzymes it encounters in the TGN.

10.8  EVOLUTION OF THE MPRs AND THE MANNOSE-6-PHOSPHATE 
RECEPTOR HOMOLOGY PROTEIN FAMILY

The Man-6-P-based system for targeting lysosomal hydrolases to lysosomes is conserved in mam-
mals, birds, amphibians, and crustaceans but is absent in the unicellular protozoa Trypanosoma 
[115] and Leishmania [116]. D. discoideum, and Acanthamoeba castellani both exhibit phospho-
transferase activity and can transfer GlcNAc-1-PO4 to mannose residues [117]. However, MPRs 
have not been identifi ed in these species. The recently reported sequence of the zebrafi sh (Danio 
rerio) CD-MPR and CI-MPR [118] indicates that targeting of lysosomal enzymes by MPRs repre-
sents an ancient pathway in vertebrate cell biology. The CD-MPR [119] and CI-MPR [120,121] 
have also been reported in the invertebrate mollusc Unio. Taken together, these studies and others 
demonstrate that numerous species throughout the animal kingdom express bona fi de MPRs that are 
capable of binding phosphomannosyl residues.

The existence of a Man-6-P-dependent transport pathway for lysosomal enzymes in insects 
has been unclear since Man-6-P has been reported on a lysosomal enzyme (DNase I) derived 
from Drosophila melanogaster [122] whereas Man-6-P-containing oligosaccharides or phos-
photransferase activity were not detected in the Sf9 insect cell line [123]. Recently, a Drosophila 
protein (lysosomal enzyme receptor protein [LERP]) that is related to the mammalian CI-MPR 
has been identified [124]. The amino acid sequence predicts a type I transmembrane glycopro-
tein containing five contiguous domains, each about 155 residues in length, in its lumenal 
region that correspond to domains 9–13 of the CI-MPR. The authors showed that LERP, which 
is able to interact with Drosophila and mammalian GGA adaptors, mediates lysosomal enzyme 
targeting and rescues the missorting of lysosomal enzymes that occurs in MPR-deficient mam-
malian cells. Although the nature of the interaction between Drosophila LERP and mamma-
lian lysosomal enzymes has not yet been elucidated, it is unlikely to involve Man-6-P since the 
residues that are essential for Man-6-P recognition are not conserved in the Drosophila protein 
and no detectable binding was observed between LERP and a Man-6-P-containing affinity 
resin (phosphomannan). It is intriguing to speculate that LERP may represent the evolutionary 
intermediate between yeast and the animal kingdom: Targeting of hydrolytic enzymes to the 
yeast vacuole (functional equivalent of the lysosome) occurs in a Man-6-P-independent fashion, 
with a receptor (vps10) that recognizes a protein determinant, rather than a carbohydrate 
moiety, on hydrolytic enzymes [125].

In addition to the CD-MPR and CI-MPR, there are four other genes in the human genome that 
contain what has been termed “mannose 6-phosphate receptor homology” (MRH) domains: (1) the 
b-subunit of glucosidase II is the noncatalytic subunit of a dimeric ER-resident enzyme involved in 
the processing of N-glycans on nascent glycoproteins [126]; (2) the g-subunit of the phosphotrans-
ferase is the noncatalytic subunit of the a2b2g2 hexameric complex involved in generating the 
Man-6-P tag on lysosomal enzymes [126]; (3) erlectin is a lumenal ER-resident protein that appears 
to recognize N-glycans and may function as an ER chaperone [126,127]; (4) OS-9, originally 
identifi ed as a protein upregulated in human osteosarcomas [128], is an ER-associated cytosolic 
protein implicated in the transport of proteins from the ER to the Golgi [126,129]. Recent studies on 
the Yos9 protein, the Saccharomyces cerevisiae homolog of OS-9, indicate that this ER-resident 
protein plays an essential role in the recognition of misfolded glycoproteins during ER-associated 
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degradation [130–132]. All of the MRH-containing proteins contain a single MRH domain, except 
erlectin, which contains two MRH domains. The carbohydrate-binding properties of these MRH-
containing proteins have not been characterized. However, since their MRH domains contain the 
four conserved residues (Glu, Arg, Gln, Tyr) shown to interact with the 2-, 3-, and 4-hydroxyl groups 
of the mannose ring of Man-6-P by the MPRs, it is likely that these proteins bind specifi cally to high 
mannose-type oligosaccharides, which would be consistent with their proposed functions in the ER 
and early Golgi compartments.

Using an approach in which sequence databases are screened with various carbohydrate recognition 
domain profi les to identify proteins containing potential lectin activity, Dodd and Drickamer reported 
fi ve proteins, three from D. melanogaster, one from Caenorhabditis elegans, and one from S. cerevisiae, 
which contain P-type lectin-like domains [133]. However, since these proteins lack most of the residues 
found in the Man-6-P binding pocket, it is unlikely that these proteins bind carbohydrate. Rather, these 
proteins may utilize the MPR fold for protein–protein interactions in a manner similar to that of domain 
11 of the CI-MPR, which binds the mitogenic polypeptide, IGF-II, rather than Man-6-P.

10.9 CONCLUSION AND FUTURE DIRECTIONS

Although the fi rst description of a LSD (Tay-Sachs disease) was reported in 1881 [134], the discovery 
of the lysosome by Christian de Duve did not occur until 1955 [135]. Soon after, Hers was able to 
demonstrate the fi rst link between an enzyme defi ciency and a LSD (Pompe disease) [136]. This key 
observation led the way for a series of seminal fi ndings about the biology of these enzymes and the 
receptors that mediate their intracellular traffi cking. Cell biological, biochemical, and biophysical stud-
ies have made signifi cant contributions to our understanding of the molecular basis governing the intra-
cellular transport of the MPRs and their mode of carbohydrate recognition. However, many important 
questions remain unanswered. It is essential for the MPRs to release their ligands in the acidic environ-
ment of endosomes in order to be able to recycle back to the TGN to retrieve additional lysosomal 
enzymes; yet the mechanism by which changes in pH affect the carbohydrate-binding pockets of the 
MPRs is unknown. All of the functional domains of the CI-MPR have been mapped to odd-numbered 
domains (e.g., domain 1, plasminogen; domains 3, 5, and 9, Man-6-P; domain 11, IGF-II). However, the 
role of the remaining 10 unassigned domains is unclear, as is the manner in which the MPRs acquired 
Man-6-P binding capabilities during evolution. The presence of a MRH domain in the phosphotrans-
ferase raises the interesting possibility that the proteins involved in the synthesis and recognition of Man-
6-P evolved together from a common ancestor. The observation that domain 9 can be expressed as an 
individual domain, retaining high-affi nity binding capabilities [105], indicates its mechanism of main-
taining and stabilizing its binding pocket must be fundamentally different from that used by domains 1–3 
of the CI-MPR. Therefore, structural studies of the CI-MPR to determine the mechanism of carbohydrate 
binding by domain 5 and domain 9, the arrangement of all 15 domains within its extracellular region and 
their relative degree of fl exibility, and its mode of oligomerization are essential in order to understand how 
this large receptor functions to target a diverse array of ligands to the lysosome.
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11.1 INTRODUCTION

The role played by N-linked oligosaccharides in the endoplasmic reticulum (ER) quality control 
(ERQC) of newly synthesized glycoproteins is now well characterized and essentially conserved 
in all eukaryotes ranging from yeast to mammals [1,2]. In the mammalian ER, the addition and 
removal of glucose at the A branch terminus of N-linked oligosaccharides is involved in the 
productive folding of glycoproteins, which is mediated through interactions with the lectin-
chaperones calnexin and calreticulin that recognize and bind to monoglucosylated N-glycans 
(Figure 11.1) (refer Chapter 8). Polypeptides that fail to adopt their native conformation are 
retained in the ER where they undergo multiple folding attempts. Failure to adopt the correct 
conformation results in their elimination from the ER through a mechanism known as ER-associated 
degradation (ERAD) [1–5] (Figure 11.1). ERAD is an elaborate mechanism for the elimination of 
misfolded proteins or misassembled protein complexes synthesized and accumulated in the ER. 
Polypeptides recognized as terminally misfolded are retrotranslocated out of the ER through a 
protein-conducting channel called the dislocon into the cytosol where they are degraded by 
the cytoplasmic proteasome. ATP hydrolysis is required for the retrotranslocation of ERAD 
substrates, which are polyubiquitinated by E3 ubiquitin ligases in the ER membrane. The N-linked 
sugars are removed by cytosolic peptide-N-glycanase (PNGase) before entry into the cavity of 
the proteasome.

In glycoprotein ERAD, mannose trimming from the middle branch (Branch B) of the N-linked 
oligosaccharide by ER α-mannosidase I is an important trigger for misfolded glycoproteins entering 
the disposal pathway both in yeast and in mammals [6]. Hence, a lectin capable of recognizing 
misfolded glycoproteins in the form of Man8B was predicted [7]. Mammalian ER-degradation 
enhancing α-mannosidase-like protein (EDEM1) and its yeast homolog Htm1p/Mnl1p were cloned 
as accelerators of glycoprotein ERAD [8–10]. EDEM1 and Htm1p/Mnl1p have a domain similar to 
class I α1,2-mannosidases (glycosylhydrolase family 47). Since they are enzymatically inactive, 
they were predicted to be lectins, and classifi ed as M-type lectins. EDEM1 was proposed to extract 
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misfolded glycoproteins from the calnexin/calreticulin cycle for entry into the degradation pathway 
[11,12]. Recently, two novel mammalian EDEM homologs, EDEM2 and 3, were cloned and found 
to accelerate ERAD of glycoproteins, similar to EDEM1 [13–15]. However, an analysis of these 
EDEM homologs shows that the molecular mechanism whereby EDEM proteins work in the ERAD 
pathway still remains an intriguing subject of investigation.

11.2 MAMMALIAN EDEM PROTEINS AND ER a-MANNOSIDASE I

The domain organization of three EDEM homologs is schematically shown in Figure 11.2 and 
compared with that of human ER α1,2-mannosidase I (ER ManI). The class I α1,2-mannosidase 
domain is well conserved among EDEM proteins with an amino acid identity of approximately 
45%. The acidic amino acids conserved in this class of mannosidases are present, and important 
residues involved in hydrolysis by ER ManI have been shown to be structurally conserved in EDEM 
proteins by modeling on ER ManI [16]. ER ManI is a type II transmembrane protein, whereas 
EDEM2 and 3 are luminal proteins. EDEM1 and yeast Htm1p/Mln1p were originally described as 
membrane proteins, but recently, mammalian EDEM1 was reported to be luminal [14]. Although the 
precise signifi cance of the N-terminal hydrophobic stretch of EDEM1 needs to be clarifi ed, our 
preliminary data suggest that the function of EDEM1 in glycoprotein ERAD is not altered by 
cleavage of its N-terminal sequence (unpublished observation).

The expression of EDEM1 mRNA is upregulated by ER stress induced by the accumulation of 
misfolded proteins in the ER [8,17]. ER stress evokes a cellular response called unfolded protein 
response (UPR). In this process, ER chaperone proteins and ERAD machineries are transcriptionally 
upregulated to cope with this stress [18,19]. EDEM2 and, in some cells and tissues, EDEM3 is also 
transcriptionally induced by ER stress [14,15], whereas ER ManI is constitutively expressed [8]. ER 
ManI trims the mannose from the middle branch (Branch B) of the N-linked oligosaccharides 
attached to substrates both in the productive folding pathway and in ERAD, indicating that ER ManI 
does not discriminate between folded and unfolded forms of glycoproteins [1,2,20]. Overexpression 
of ER ManI causes the accelerated degradation of misfolded glycoproteins [21,22], as well as 
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FIGURE 11.1 (See CD for color fi gure.) Scheme of ERQC of glycoproteins in mammals. The structure of 
the N-linked oligosaccharide is shown in the inset. CNX, calnexin; CRT, calreticulin.
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premature degradation of polypeptides on the way to acquiring their native conformations [22]. On 
the other hand, overexpression of EDEM1 does not affect the folding or secretion of correctly 
folding wild-type α1-antitrypsin [23], and cotransfection of ER ManI with EDEM1 further 
enhances glycoprotein ERAD in an additive manner [21]. It has also been reported that EDEM1 
prevents dimerization or aggregation of ERAD substrates in the ER [23,24], suggesting that 
EDEM1 accommodates misfolded glycoproteins degradation-competent. Thus, ER ManI and EDEM1 
may have diverse functions in glycoprotein quality control; EDEM acts on substrates destined for 
ERAD, whereas ER ManI operates in both productive folding and the ERAD pathway.

11.3  CLASS I α1,2-MANNOSIDASE FAMILY AND EDEM PROTEINS: 
LECTINS OR ENZYMES?

The class I α1,2-mannosidase family (glycosylhydrolase family 47) is composed of three groups, 
ER mannosidase I (ER ManI), Golgi α-mannosidase I (Golgi ManI), and EDEM [20]. Amino 
acid identity between the glycosylhydrolase family 47 domains of the three EDEM homologs is 
as high as 45%, whereas it is approximately 33% between ER ManI and each of the three EDEM 
proteins, 38% between Golgi ManI and ER ManI, and about 30% between Golgi ManI and 
EDEM (Figure 11.3).

As mentioned above, α-mannosidase enzyme activity was not detected in EDEM1, EDEM2, or in 
yeast Htm1p/Mln1p [8,9,13], but lectin activity has not yet been clearly demonstrated. We have shown 
recently that EDEM3 has a processing α-mannosidase activity in EDEM3-overexpressing cells, and 
that the degradation-enhancing effect of EDEM3 depends on its enzyme activity [15]. More recently, 
EDEM1 was also reported to have mannose-trimming activity in EDEM1-overexpressing cells, but 
importantly, the ERAD-enhancing capacity of EDEM1 was found not to depend on its enzyme activity 
[24]. The detection of the enzyme and lectin activities in vitro using recombinant EDEMs has not 
succeeded yet because it has been diffi cult to purify enough of these recombinant proteins.

In the fi ssion yeast Schizosaccharomyces pombe, it is known that only a faint amount of 
glycoproteins with Man8B oligosaccharides are detected, and that, although ER α-mannosidase 
(ER Man) exists, its enzyme activity has not been observed. Interestingly, a recent study demonstrated 
that disruption of the gene encoding ER Man of S. pombe was found to prevent glycoprotein ERAD 
[25]. Therefore, they proposed that ER Man in S. pombe acts as a lectin rather than as an enzyme, 
similar to the case of Htm1p/Mnl1p/EDEM.

FIGURE 11.2 (See CD for color fi gure.) Domain organization of mammalian EDEM homologs (EDEM1, 
2, and 3) and ER ManI. The α-mannosidase domains (class I α1,2-mannosidase domain or glycosylhydrolase 
family 47 motif) of EDEM proteins have approximately 45% of amino acid identity.
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These observations indicate two possibilities for the function of EDEM proteins: EDEM proteins 
may act as M-type lectins to discriminate terminally misfolded glycoproteins destined for the ERAD 
pathway. Alternatively, EDEM proteins may be processing α-mannosidases that trim the mannose 
from the N-linked oligosaccharides of ERAD substrates. Further analysis will be required, including 
in vitro biochemical assays using recombinant proteins, to obtain a complete understanding of the 
function of these proteins.

11.4 CONCLUSION AND FUTURE DIRECTIONS

Collectively, it is still controversial at present whether mammalian EDEMs and yeast Htm1p/Mnl1p 
act as M-type lectins or processing α-mannosidases in vivo and in vitro. In mammalian cells, 
accumulating data shows that the N-glycan species attached to misfolded glycoproteins is not 
necessarily restricted to Man8B and that smaller oligosaccharides, such as Man5–7 (Man5–7GlcNAc2), 
are also preferentially recognized in the disposal pathway [26]. In this context, how can we incorporate 
the function and action mechanism of EDEMs in ERAD (Figure 11.1)? In yeast, does mannose-
trimming from Man8B oligosaccharides proceeds further in vivo? Recently, Yos9p was reported in 
yeast to act as a lectin that discriminates the folding state of the glycoproteins, in the context of a 
large complex including a membrane-spanning E3 ubiquitin ligase in the ER [27,28] (refer Chapter11). 
Yos9p has a MRH domain (mannose 6-phosphate receptor homology domain) [29], and the binding 
to ERAD substrates bearing Man8B and Man5 oligosaccharides is reported [30]. There are several 
MRH domain-containing proteins in mammals, and analysis of these proteins in relation to the function 
of EDEM proteins would reveal the involvement of lectins in the ERAD pathway.
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12.1 INTRODUCTION

Glycosaminoglycans (GAGs) are distinct from other sugars/oligosaccharides in that they are 
polymers of disaccharide units (Figure 12.1) composed of an amino sugar, N-acetylglucosamine 
(GlcNAc), or N-acetylgalactosamine (GalNAc), and uronic acid, glucuronic acid (GlcUA), or 
iduronic acid (IdUA). The exception is keratan sulfate (KS) in which the uronic acid is replaced 
by the neutral sugar galactose. Initially, GAGs were thought to be just part of an extracellular 
glue or ground substance that held tissues together and provided a liquid-like space between 
cells for the transport of nutrients. However, research using new technologies and techniques 
over the last two decades has revealed that the effects of GAGs on cells are more dynamic than 
previously thought. In addition to their structural roles, GAGs are fundamentally important as modifi ers 
of cell behaviors that range from leukocyte recruitment during infl ammation to the complex signaling 
events that help cancer cells survive during homing and metastasis. Cellular behaviors and responses 
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depend in part on chain length of the GAG as well as GAG–sugar modifi cations such as sulfation and 
acetylation. Longer GAGs tend to be part of the extracellular matrix (ECM) in which long cable-like 
structures and networks may support tissue structure through cross-linking with other ECM compo-
nents. Shorter GAGs or small oligosaccharides of less than 30–50 sugars may interact with cellular 
receptors to promote cell signaling involving antiapoptosis or immunostimulation [1].

There are four classes of GAGs (Figure 12.1): Chondroitin (Chon) sulfate (CS) A through E, 
heparin (HP) and heparan sulfate (HS), KS, and hyaluronan (HA). CS is a polymer of the disaccharide 
GlcUA-β1,3-GalNAc-β1,4 that can be sulfated at one or more positions: GalNAc-4 (type A), 
GalNAc-4 (type B), GalNAc-6 (type C), GalNAc-6, GlcUA-2 (type D), and GalNAc-4,6 (type E). 
CS-B, which is now called dermatan sulfate (DS), is an unusual CS family member in which 
iduronic acid substitutes for some, but not all, glucuronic acid (as in HP and HS) and GlcUA is in 
an alpha-1,3 linkage with GlcNAc. HP and HS are polymers of the disaccharide β1,4-GlcUA-
β1,4-GlcNAc, in which some of the glucuronic acid is converted to iduronic acid. HS differs from 
HP in that the N-acetylglucosamine is de-N-acetylated and N-sulfated at position 2. HP is typically 
more highly sulfated than HS and is primarily found in mast cells of the immune system. In contrast, 
HS is ubiquitous throughout the body and its sugars are highly sulfated in patches along the chain, 
allowing differing ligands to bind to regions of higher or lower anionic charge density. Although KS 

FIGURE 12.1 (See CD for color fi gure.) Schematic structures of the glycosaminoglycans. The GAGs are 
primarily polymers of disaccharide units containing the indicated amino and acidic sugars. Standard 
symbols for the sugar residues are used as defi ned by the Consortium for Functional Glycomics (http://grtc.ucsd.
edu/essentials.html). All GAGs, with the exception of HA, are covalently linked to a variety of the ∼40 known 
core proteins. The GAGs are attached via Ser residues, except for KS, which can also be linked via Thr or, 
less commonly, Asn residues. The arrows indicate that the repeating disaccharides continue to create larger 
polysaccharide chains.
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does not contain uronic acid, it is grouped with the family of GAGs because of its repeating 
disaccharide containing GlcNAc. It is assembled on a core protein with either an O-linkage to serine 
(Ser) or threonine (Thr) or an N-linkage to asparagine (Asn) [2]. KS is a major component of lumi-
can and keratocan, proteoglycans that are important in the clarity of corneal matrix [3] as well as 
aggrecan, a structural molecule in cartilage and during brain development [4].

Unlike the other GAGs, HA is a “free” polysaccharide that is not assembled covalently onto a 
proteoglycan core protein in the normal biosynthetic organelles (Golgi and ER), but is often bound 
to proteins after its extrusion from the plasma membrane by HA synthase. After it is released by the 
synthase, HA is never sulfated, de-N-acetylated, or modifi ed in any way (except by IαI as described 
below). All of the GAGs, except HA and some KS chains (as noted above), are attached to and 
assembled as O-linked glycans on proteoglycan core proteins and are sulfated to various degrees. 
CS, HP, and HS are attached to proteoglycans via Ser, or sometimes Thr residues, and their assembly 
starts with the common tetrasaccharide: GlcUA(β1,3)Gal(β1,3)Gal(β1,4)Xyl(β1)→Ser.

CS, HP, and HS often act as concomitant molecular signatures for their respective proteoglycans. 
Receptors or binding proteins for the GAGs can be grouped into three different classes. Receptors 
in the fi rst class are soluble proteins that are ECM organizers, such as versican, aggrecan, and 
neurocan. The second class of receptors (e.g., CD44, RHAMM, and TSG6) is associated with 
cell-mediated processes stimulated by GAGs such as infl ammation and cellular motility. The third 
class of receptors (e.g., CD44, HARE/Stabilin-2) is involved in GAG scavenging and turnover and 
is responsible for proper homeostasis of GAG levels in the plasma, tissues, and lymphatic fl uids 
(Figure 12.2). CD44 is in two classes due its functional diversity.

12.2 TUMOR NECROSIS FACTOR-STIMULATED GENE 6

Tumor necrosis factor-stimulated gene 6 (TSG-6), which was formerly named tumor necrosis 
factor-induced protein-6 (TNFIP6), is a multi-GAG-binding protein that is secreted during infl amma-
tion in response to chemokines such as IL-1β, TNF, and PGE2. TSG-6 is a serum protein with little or 
no expression under normal conditions, but is quickly secreted in response to infl ammatory triggers, 
e.g., during ovulation and arthritis. This 35 kDa protein contains one CUB domain (complement 
protein subcomponents C1r/C1s, urchin embryonic growth factor, and bone morphogenic protein), 
and one Link domain and binds a variety of GAGs, including HA [5], CS-A [6], Hep/HS [7], and DS 
[8]. In addition to binding these GAGs, TSG-6 downregulates the infl ammatory process by binding 

FIGURE 12.2 (See color insert following blank page 170. Also see CD for color fi gure.) HA-binding recep-
tors/proteins. The domain organizations of the fi ve HA-binding receptors or proteins discussed in this chapter are 
illustrated. The arrow indicates the proteolytic cleavage of the 315 kDa HARE to produce the smaller 190 kDa 
HARE isoform. Except for TSG-6, each colored segment represents exons encoding the indicated type of protein 
domain that is translated from the human gene. The colored segments for TSG-6 represent protein domains.

315-HARE (Stabilin-2)

190-HARE

RHAMM (IHABP)

LYVE-1

TSG-6 (TNFIP6)

EGF/Cys-rich domain

Link domain

Transmembrane domain

Cytoplasmic domain

Variant region

CUB domain

CD44 (full-length)

Mitotic spindle/microtubule binding region

B-X7-B HA-binding motif

7269_C012.indd   1737269_C012.indd   173 9/6/2008   2:32:10 PM9/6/2008   2:32:10 PM



174 Animal Lectins: A Functional View 

to multiple proteins, such as the G1 domain of aggrecan [9], interalpha-(trypsin)-inhibitor 
(IαI) [10], pre-alpha-(trypsin)-inhibitor (PαI) [11], pentraxin-3 [12], and thrombospondin-1 
(TSP-1) [13].

The role of HA in infl ammatory processes such as wound healing and ovulation is well known. 
Ovulation begins when ovarian cells respond to a spike in luteinizing hormone (LH), which initiates 
a signaling cascade involving cAMP and PGE2 mediators [14]. Granulosa and cumulus cells of the 
oocyte respond to these signal mediators by initiating transcription of a host of genes, one of which 
is TSG-6 [15–17]. TSG-6 also promotes cervical ripening by human cervical smooth muscle cells 
[18]. TSG-6 may be part of a network of factors that promote fertility by remodeling the ECM of the 
cumulus cell–oocyte complex, a matrix rich in HA [19]. TSG-6 knockout mice are subfertile or 
completely infertile [20]. Upregulation of TSG-6 is also most prominent in areas of chronic infl am-
mation, such as the infl amed synovial tissues of rheumatoid arthritis patients [21] and the smooth 
muscles of the brochia in asthmatic patients [22].

12.2.1 TSG-6 AND HA

IαI is a unique proteoglycan in which the bikunin moiety, containing two Kunitz domains with 
antiprotease activity, is covalently linked to two protein heavy chains (HC1 and HC2) via its 
CS-A chain (Figure 12.3). CS-A is connected to bikunin by the standard GlcUAGalGalXyl-
protein linkage at Ser-10. The C-terminal Asp648 alpha-carboxyl of each HC is esterifi ed to the 
C-6 hydroxyl of an internal GalNAc of the CS-A chain [23]. During the infl ammatory process, 
TSG-6 interacts with the HCs of IαI and mediates a reaction in which TSG-6 displaces CS-A 

HC

Mg2+/Mn2+

Mg2+/Mn2+

+

+C L

?

C L
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C L HC

+ BHC

B
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HC
B

H
C
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FIGURE 12.3 HA modifi cation by the heavy chain of inter-α-trypsin inhibitor. IαI is a three-member 
proteoglycan that contains two protein heavy chains (HC in boxes), the metalloprotease inhibitor bikunin 
(B in the circles), and a single CS-A chain (solid line). The two HC chains are linked to CS-A by ester 
linkages at their C-terminal aspartate residues. The Cub (C in gray boxes) and Link (L in white box) 
domains are indicated for TSG-6. TSG-6 acts as a catalyst that transfers one of the heavy chains from IαI to 
HA (alternating squares and diamonds as in Figure 12.1) in two steps via transesterifi cation reactions. The 
fi rst reaction results in transfer of one HC chain from IαI to TSG-6, forming a covalent linkage between the 
HC C-terminal Asp and TSG-6. The second reaction then transfers the HC C-terminal Asp to a C-6 hydroxyl 
group of an internal GlcNAc residue in HA [25]. The HA–HC complex is utilized for matrix substrates 
while the TSG-6 can be reutilized for another HC transfer reaction. The CS-A chain of the modifi ed IaI is 
degraded by an unknown mechanism (dashed line) that liberates bikunin, which can then inhibit 
metalloproteases.
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and becomes attached to the C-terminal aspartic acid of HC1 or HC2 [24,25]. This reaction 
promotes transesterifi cation of the HC from IαI, giving rise to two intermediate complexes, 
TSG-6-HC1 or TSG-6-HC2, in addition to the remaining substrate bikunin–HC1 or bikunin–
HC2 [26]. During the infl ammatory process, bikunin and the single HC linked to CS-A are 
cleaved by an unknown mechanism to produce free bikunin and HC. TSG-6 is recycled to its 
free state when it acts as a cofactor and catalyst to transfer HC to produce a covalent HC–HA 
complex, also called serum-derived HA-associated protein (SHAP) [27]. The HC undergoes a 
Mg2+- or Mn2+-dependent transesterifi cation reaction between TSG-6 and a GlcUA of HA [25]. 
The end result is that as the HCs of IαI are transferred and sequestered by TSG-6 and HA. 
Bikunin, in its monomeric form, is the protease inhibitor neutralizing plasmin-induced metalloprotease 
activity [26].

It is the plasmin-induced metalloprotease activities involving leukocyte recruitment and the 
release of infl ammatory cytokines (TNF-α, IL-1, IL-17, LPS, TGF-β, and PGE2) that cause the red 
and swollen features of infl amed tissues. In the case of ovulation, a condition that mimics infl amma-
tion, cumulus cell ECM remodeling is dependent on TSG-6 and IαI or PαI activities to expand 
HA-rich matrix assembly [28]. PαI is an ortholog of IαI containing just one HC (HC3) connected 
to bikunin via CS-A [29]. The model for TSG-6 interaction with PαI is similar to the IαI-TSG-6 
model, in which TSG-6 acts a catalyst to transfer HC3 to HA [20].

The HA-binding groove of TSG-6 is the best characterized of any of the HA-binding receptors. 
The amino acids essential for HA binding were fi rst identifi ed by site-directed mutagenesis [30] and 
then confi rmed by nuclear magnetic resonance (NMR) spectroscopy [7]. Key contact residues in the 
HA-binding groove are Lys11, Tyr12, Tyr59, Phe70, Tyr78, and Arg81. Due to the high content of 
aromatic residues, it is likely that the hydrophobic face of pyranoside rings in HA stack onto the 
aromatic side chains of the amino acids that form two hydrophobic pockets. In addition, Cys47, Val57, 
Ile61, Cys68, and Trp88 are also likely candidates to interact closely with an HA chain. Computer 
modeling of the binding pocket reveals that fi ve sugar rings of HA are required to fi ll the binding 
groove and that the hydrophobic pockets accommodate the acetamido side chain of GlcNAc [7]. 
Other cellular HA receptors and HA-binding proteins with Link domains also fi t this model with 
some degrees of variation.

12.2.2 TSG-6 AND HEPARIN

An increase in plasmin activity is associated with ECM reorganization during infl ammation, such as 
occurs in rheumatoid arthritis [31], multiple sclerosis [32], bacterial infection [33], tumorigenesis/
angiogenesis [34], and even follicle rupture during ovulation [35]. Plasmin activity induces the 
liberation of infl ammatory cytokines, as well as activating matrix metalloproteases. TSG-6 is one 
of several molecules that regulate the antiplasmin activity or chondroprotective responses, through 
IαI and PαI, to prevent infl ammation-mediated damage to the host. HP, in addition to the more 
heterogeneous HS, also binds TSG-6 and IαI and is a regulator of serine proteases through its 
inhibitory activity. Using mutagenesis and NMR spectroscopy, Mahoney et al. discovered that HP 
binds to TSG-6 at a distinct site from HA [36]. The amino acids involved are Lys20, Lys34, Lys41, and 
Lys54. Although HP does not affect HA-TSG-6 binding, HA and HP cannot both bind to TSG-6 at 
the same time, indicating that when bound to either GAG, TSG-6 is locked into a conformation 
that precludes binding to the other GAG. In addition, HP is a strong competitor for CS-A bind-
ing, suggesting that CS-A and HP bind at the same site. HP-TSG-6 binding was most optimal at 
pH 6 and binding affi nities dropped when the pH shifted in either direction [36]. A lower pH 
refl ects the conditions at sites of infl ammation, indicating that HP-TSG-6 complexes could have 
increased antiplasmin activity. In contrast, pH changes had no effect on HA-TSG-6 binding. It is 
not clear how both HA and HP modulate the antiplasmin activity of TSG-6, but the current model 
requires dimerization of TSG-6 [36]. To further potentiate the antiplasmin activity of bikunin, two 
TSG-6 proteins may dimerize when bound to a single HP or HS chain (much like a sandwich) and 
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the TSG-6 dimers are able to bind to bikunin. This binding may change the orientation of the 
Kunitz domains of bikunin making them more accessible, thus increasing their antiplasmin 
activity [36].

To make this story a bit more complex, but perhaps at the same time more reasonable, TSG-6 
also interacts with TSP1. TSP1 directly inhibits T-cell mediated T-cell activation [37] and dendritic 
cell activation [38], but promotes neutrophil oxidative burst responses [39]. TSP1 is one of many 
factors involved in early wound repair and mice lacking an effective TSP1 response are delayed in 
wound healing [40]. The N-terminal module of TSP1 is related to the TSG-6-binding pentraxin 
family of proteins and binds TSG-6 in a divalent cation-dependent manner. The N-terminal module 
of TSP1 also binds HP and is an effective inhibitor of the TSP1 interaction with TSG-6. TSP1 and 
HA do not bind with each other but both bind to TSG-6 at distinct sites. Furthermore, in the absence 
of HA, TSP1 enhances the interaction of TSG-6 with IαI, resulting in an increased degradation of 
IαI. In summary, a trimolecular complex consisting of TSP1-HA-TSG-6 acts upon IαI to give rise 
to HA–HC complexes for ECM remodeling. The presence of HP or HS may negatively regulate this 
activity [13]. Overall, both HA and HP or HS proteoglycans enhance the antiplasmin activities of 
TSG-6 and concomitant effectors during infl ammation.

12.3 RECEPTOR FOR HYALURONIC ACID MEDIATED MOTILITY

Receptor for hyaluronic acid mediated motility (RHAMM) is present as both a plasma membrane 
GPI-anchored HA receptor and an intracellular HA-binding protein lacking both transmembrane 
and cytoplasmic signal sequences [41]. Consequently, it is also called intracellular hyaluronic acid-
binding protein (IHABP) or CD168. RHAMM was fi rst identifi ed, with the use of anti-RHAMM 
antibodies, in murine 3T3 cells as a group of HA-binding proteins with molecular masses of 56, 66, 
and 70 kDa [42,43]. Following this initial discovery, the masses reported for RHAMM have been 
quite variable, ranging from 58 kDa on human B cells [44] to 120 kDa in fi broblasts from src null 
mice [45], based on immunoreactivity against anti-RHAMM antibodies. The wide variety of 
molecular masses could be due to proteolysis, different glycosylation states of the receptor [46], or 
the presence of splice variants [47]. The full-length human RHAMM, which is about 85% homologous 
to murine RHAMM, is identifi ed as a 725-amino acid protein that migrates at ∼84 kDa by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

RHAMM is the founding member of hyaladherins (HA-binding proteins) that contain the basic 
B-X7-B motif, in which any seven amino acids are fl anked by two basic amino acids, either lysine or 
arginine. RHAMM contains two of these motifs near the C-terminus that mediate high-affi nity protein 
binding to HA (Kd = 10−8 M) [43,48]. Mutagenesis of any basic residue fl anking the B-X7-B motifs led 
to a sharp decrease in HA binding [49]. Multidimensional NMR analysis of domains containing the 
B-X7-B HA-binding motifs reveals that it is a helix-loop-helix with a coiled-coil tertiary structure, 
which is very different than the architecture of the Link domains found in most other HA-binding 
proteins [5,50]. RHAMM is a predominantly helical protein containing more basic residues than any 
of the other hyaladherins. Theoretically, the net positive charge of the protein could allow it to bind to 
any GAG due to the high negative charge densities of sulfates of the CS and HS families. However, 
none of the CS family members bind to RHAMM. Other than HA, only HP binds to RHAMM and 
competes with HA at the same binding sites. In ras-transformed cells, HP induces cell locomotion in 
a dose-dependent manner. Biotinylated HP specifi cally binds to GST-RHAMM and deletion of the two 
B-X7-B motifs negates HP binding [49]. In contrast, other groups dispute the claim that HP binds to 
RHAMM, although all agree that HA binds to RHAMM with high affi nity [51,52]. It is still unclear if 
HP specifi cally binds to RHAMM because different experimental methodologies and GAG sources 
were employed for determining HP-RHAMM binding, and few follow-up studies have appeared after 
the HP-RHAMM “controversy” between 1994 and 1998.

Expression of RHAMM is widespread in a variety of cell types including smooth muscles cells 
[53,54], and endothelial cells [55]. In addition, overexpression of full-length RHAMM and some of 
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its splice variants are found in cancers of the hematopoietic system [56,57], breast [58,59], pancreas 
[60], brain [61], and the lower GI tract [62]. RHAMM is primarily located in the cytoplasm within 
cells, hence the alternative name IHABP, but depending on cell type, it can also be expressed on 
the cell surface where it interacts with focal adhesion sites [63].

In the cytoplasm, RHAMM binds intracellular HA and localizes to both microtubules [54] and 
centrosomes, and participates in the maintenance of spindle pole integrity. The function of intracellular 
HA is unknown, but it is thought to be important during cytokinesis and for cellular movement; how 
HA functions in these capacities is not clear. Most hypotheses for functions of intracellular HA point 
to the hyaladherin (HA binding) activity of RHAMM and thus a role for intracellular RHAAM–HA 
interactions. There is still considerable debate on the source of intracellular HA since the three 
human (and other mammalian) isozymes of HA synthase (HAS) are plasma membrane enzymes 
whose only characterized activity is the extrusion of HA into the ECM [64]. Previous reports sug-
gest that intracellular HA is a diffuse network of cable-connecting vesicles, which becomes more 
pronounced with serum stimulation or during mitosis at the G2/M phase [65]. In keratinocytes, 
extracellular HA is internalized in a novel endocytic pathway involving CD44 that is independent 
of clathrin-coated pits [66]. It is known that some, but not all internalized, HA is catabolized down 
to monosaccharides and simple organic molecules. The proposed HA-rich, nonacidic vesicles (hyaluro-
nasomes), which would also contain hyaluronidases, are specialized structures that may, theoretically, 
be a source of intracellular HA that interact with microtubules and motor proteins to facilitate 
cytokinesis [54,67]. Despite several similar models in the literature, the hyaluronasome is still a 
hypothetical structure that has not been biochemically identifi ed, isolated, or characterized.

RHAMM is a linker protein connecting microtubules via its N-terminus [68] and HA cables via 
its C-terminus [49]. More specifi cally, the C-terminus of RHAMM also contains a leucine zipper 
domain, essential for binding with dynein- and kinesin-like protein 2 (TPX2), which partially 
overlaps the HA-binding motifs [69]. RHAMM binds directly to TPX2 in a cell cycle-dependent 
manner, is essential for spindle pole assembly and maintenance throughout the cell cycle, and is 
required for cell progression through G2 of mitosis [70]. The RHAAM interaction with microtubule 
motors may explain the role of HA in mitotic regulation and why increased RHAMM expression 
might enhance the oncogenic properties of cells, which is common in several cancer types including 
multiple myeloma [69], breast [59], stomach [71], and endometrial [72].

Multiple studies over the last several decades provide a connection between cell motility and 
HA [73–77]. One such study, comparing metastases and primary tumor staining, found that RHAMM 
expression was signifi cantly higher in the metastatic cells. Presentation of RHAMM on the cell 
surface, where it can interact with external HA, can regulate signaling downstream of ras through 
ERK, the extracellular signal-regulated protein kinase [59] and through Src kinases [45]. Treatment 
of cells with nanogram amounts of HA promoted changes in downstream events such as phospho-
rylation and dephosphorylation of focal adhesion kinase, pp125FAK. This rapid and transient 
phosphorylation was regulated in part by RHAMM signal transduction via MAP kinases ERK-1/2 
[63,78]. The interaction of ERK and RHAMM stimulates RHAMM binding to cytoskeletal elements 
that induce cellular locomotion [68,79].

The human gene encoding RHAMM is located on chromosome 5q33.2 and contains 18 exons, 
which therefore makes it a likely candidate for alternative splicing [80]. Likewise, the mouse gene 
contains 14 exons and Western analyses of fi broblast cell lysates revealed two bands, a major 70 kDa 
band and a minor larger 73 kDa band encoding exon 4 [41]. An analysis of both breast and cervical 
cancers versus normal tissue revealed the expression of RHAMM splice variants lacking sequences 
encoded by only exon 4, only exon 13, and both exons 4 and 13, suggesting that increased expression of 
RHAMM-like splice variants contribute to an oncogenic phenotype [51,68]. B cells and plasma cells 
taken from multiple myeloma patients showed two deletion splice variants of RHAMM lacking 48 
(RHAMM−48) or 147 DNA base pairs (RHAMM−147), which were expressed in the cancerous cells but 
not in normal or resting B cells [47]. Increased expression of both the full-length and variant RHAMM 
proteins alters normal intracellular signaling pathways, inducing the oncogenic phenotype.
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12.4 CD44

Human CD44, fi rst known as a lymphocyte homing receptor, is a C-type lectin plasma membrane 
receptor that binds to HA and other ECM components, and plays major roles in cytokinesis, endo-
cytosis, phagocytosis, cell signaling, and ligand internalization. The common or standard CD44 
receptor is encoded by exons 1–5, 16–18, and 20, which together produce an ∼80 kDa protein. Exons 
6–15 are highly variable exons, commonly named v1–10, whose multiple combinations produce 
many CD44 variants that contribute to its wide array of receptor activities [81]. For example, CD44v6 
expresses exon 6 of the variable group, which is really exon 11 if counting from exon 1.

12.4.1 CD44 INTERACTIONS WITH HA

CD44 binds HA via the Link domain encoded by exon 2. This Link domain, which is well conserved and 
similar to the Link domains found in other hyaladherins, is ∼100 amino acids long, has two antiparallel 
β-sheets crossed over by two α-helices, and is held together by two disulfi de bridges [82]. The receptor 
on resting leukocytes does not bind HA until it is “activated” by proinfl ammatory cytokines, which results 
in the modifi cation of the N-glycans on CD44 [83]. It is thought that tumor necrosis factor-alpha (TNF-α) 
induces sialidase activity to remove sialic acid from the N-glycans, which then allows HA-binding to the 
receptor [84]. The critical residues involved with HA binding include Arg41, Tyr42, Arg78, Tyr79 along with 
the other necessary residues, which are Lys38, Lys68, Asn100, Asn101, and Tyr105 [82].

12.4.2 CD44 INTERACTIONS WITH CS

The CD44 Link domain interacts with the CS family of GAGs. In a competition assay, versican 
binding to CD44 was inhibited by HA, Chon, CS-A, CS-B, CS-C, CS-D, and CS-E, but not by HS 
or KS. In a complementary biochemical assay, soluble CD44 also directly bound all these immobi-
lized GAGs with the exception of KS and HS [85]. In a rolling cell experiment, murine leukocytes 
expressing CD44 initially bound and rolled on capillary tubes coated with CSs at physiological fl ow 
rates. The rolling action of these cells was abrogated when either the cells were treated with anti-
CD44 antibodies or the tubes were treated with chrondroitinase ABC, but not hyaluronidase [86]. In 
a more relevant physiological context, one of the major proteoglycans, Serglycin, is a ligand for 
CD44. Serglycin (Mr ∼17,600; previously known as gp600) is secreted by hematopoietic cells and 
contains CS-A and CS-C chains attached to a centrally located Ser-Gly repeat [87]. Serglycin plays 
a role in the packaging and inactivation of some of the proteases in granules of neutraphil granulo-
cytes [88]. Granzyme B, a perforin component that can disrupt cell membranes, is packaged in 
part by Serglycin in the maturing granule of cytotoxic T-cells [89–91]. Serglycin is secreted primar-
ily by lymphocytes, spleenoctyes, and thymocytes in small amounts, but its secretion is greatly 
increased by lipopolysaccharide or concanavalin A [87]. Murine T-cells expressing CD44 aggregate 
in the presence of Serglycin-containing serum. Furthermore, purifi ed Serglycin binds to CD44 via 
its CS-A chain, which increases CD3-dependent release of granzyme B, suggesting that this proteo-
glycan may regulate lymphoid cell adherence and activation [92,93]. Serglycin-defi cient T-cells fail 
to package granzyme B, but not granzyme A, Fas ligand, and perforin, although the mRNA levels 
for all three proteins were not affected and the late-stage apoptosis of target cells mediated by these 
cytotoxic cells was also unaffected. In summary, these studies point out that the CS chains of 
Serglycin bind to the HA-binding region of the Link domain of CD44 and is important in part for the 
cytotoxic T-cell response in cell-mediated apoptosis and cell rolling.

12.4.3 CD44 AND HA ENDOCYTOSIS

CD44 is the most common endocytic receptor for HA and possibly CS at the local tissue level. 
Initial studies of CD44-mediated endocytosis performed in alveolar macrophages and simian 
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virus transformed murine 3T3 fi broblasts suggested that CD44 is the primary endocytic receptor for 
HA in these cells and responsible for its delivery to lysosomes for degradation [94]. The endocytosis 
of HA also facilitates a higher cycling rate of CD44 on the cell surface of chondrocytes, which is 
blocked by anti-CD44 antibodies [95]. Chondrocytes are present in HA-rich environments where the 
balance of synthesis and catabolism are critical to maintain homeostasis of HA quantity and size (since 
chain length affects viscosity). Decreases in the mass of HA will increase its fl uidity and could cause 
adverse cellular signaling events and, possibly, infl ammation (e.g., in arthritis). Once CD44 binds HA, 
the complex is internalized followed by dissociation in an early endosome, most likely the recycling 
syntaxin13 and GTPase Rab11/25-rich endosome that promotes surface expression of ligand-free CD44 
[96]. This mechanism is regarded as the “slow” recycling pathway with a half-life of about 30 min. Fast 
recycling regulated by Rab4 has not been shown to be associated with CD44 recycling.

The mechanisms of internalization and catabolism of HA are not the same in all tissues. 
Catabolic pathways for HA exist in smooth muscle cells [97], macrophages [94,98], chondrocytes 
[99], and some cancer cells [100]. Roughly half of all the HA in the human body is localized in the 
dermal layers of the skin. Keratinocytes possess a novel, noncoated pit-mediated endocytic pathway 
for internalization and catabolism of HA. Epidermal keratinocytes actively produce HA, which has 
a short half-life of ∼1.5 days, indicating that the skin is one of the most active tissues in the body for 
the synthesis and degradation of HA [101,102]. Partially digested chains of high molecular mass HA 
[66] bound to CD44 are internalized, and traffi cked to nonacidic, perinuclear vesicles from which 
the HA is eventually sorted to lysozymes and then degraded to monosaccharides by lysosomal 
hyaluronidase and the two exoglycosidases: β-N-acetylglucosaminidase and β-glucuronidase. The 
terminal HA-degrading vesicles are devoid of Cathepsin D, normally present in lysosomes, suggesting 
that the HA is delivered to a specialized lysosome [66].

The route of internalization in keratinocytes is independent of clathrin-coated pit and caveolin-
mediated mechanisms. Consistent with this, the cytoplasmic domain of CD44 does not contain any 
AP-2 or clathrin consensus-binding motifs, suggesting that internalization is regulated by alterna-
tive mechanisms. Exon 20, the most 3′ exon, encodes the intracellular C-terminal 70 amino acids, 
which contains binding sites for ankyrin and the ezrin/radixin/moesin (ERM) linker proteins of the 
actin-based cytoskeletal network and the intracellular signaling cues for internalization, some of 
which have not been elucidated [103,104]. CD44 is widely thought to be pivotal for HA-induced 
chemotaxis and movements that require cytoskeletal structures. A study with rat endothelial cells in 
situ showed that CD44 and the ERM proteins colocalize with each other on actin fi laments near the 
plasma membrane and this region was also enriched with phosphorylated protein kinase C α/β II. 
Induction of actin branching facilitated cellular movements needed for normal wound healing. Addition 
of protein kinase C (PKC) inhibitors caused F-actin structures to disassemble and the microdomains 
containing CD44 and associated proteins to disassociate. The end-result of this PKC inhibition was 
to decrease wound healing [105]. CD44 also contains two Ser phosphorylation sites. Inhibition of 
casein kinase II decreased CD44 association with the actin cytoskeleton, suggesting that CD44 is 
activated in a phosphylation- and dephosphorylation-dependent way during cytoskeletal movement 
[106]. Although increased CD44 expression is thought to promote tumorigenesis, at least one of the 
cytoskeletal proteins belonging to the ERM family of proteins may temper this activity. The NF2 
tumor suppressor gene, which encodes Merlin, induces tumorigenesis in Schwann cells through a 
loss-of-function mutation [107]. In cell culture, overexpression of Merlin prevents CD44 from binding 
with HA. Additionally, knocking down the expression of endogenous Merlin in Tr6BC1 Schwan-
noma cells in Rag1 mice or overexpression of a dominant-negative Merlin (missing the fi rst 50 
amino acids from the N-terminus) results in the promotion of tumor cell growth [108].

12.4.4 CD44 AND PHAGOCYTOSIS

The HA-binding activity of CD44 is diverse enough to include phagocytosis of apoptotic bodies. 
Following tissue injury and the infl ux and resulting apoptosis of polymorphonuclear leukocytes 

7269_C012.indd   1797269_C012.indd   179 9/6/2008   2:32:10 PM9/6/2008   2:32:10 PM



180 Animal Lectins: A Functional View 

(PMN), clearance mechanisms must exist to remove cellular debris in order for normal healing to 
occur. The persistence of injury and the lack of healing in CD44-defi cient mice demonstrate how 
CD44 contributes to the clearing of apoptotic cells [109]. The precise mechanism for how this 
occurs is still unknown. CD44 also contributes to the phagocytosis of bacteria by PMNs, further 
supporting the notion that ankyrin attached to CD44 assists in the maturation of phagosomes with 
the inclusion of lysosomal vesicles [110]. Confi rming these earlier data, a more defi nitive study 
using erythrocytes coated with either anti-CD44 or control antibodies of the same isotype measured 
a 25-fold increase in CD44-selective phagocytosis by RAW 264.7 macrophages in comparison to 
controls. The induction of cell signaling molecules such as Syk, Rac1, and PI3-kinase during phago-
cytosis indicates that CD44 is a competent phagocytic receptor, in addition to its HA endocytosis 
and cell matrix-binding activities [111].

12.4.5 CD44 SPLICE VARIANTS

The most common isoform of CD44 is CD44H (H = hematopoietic), also called CD44s (s = standard), 
which is encoded by exons 1–5, 16–18, and 20 with a mass of ∼80 kDa. The extracellular domain 
contains a variable region encoded by exons 6–15 (also termed variants 1–10) that can increase the 
mass of CD44 to just above 200 kDa and could theoretically result in thousands of different CD44 
splice variant combinations. The inclusion of exon 19 in place of exon 20 is a special case, in which 
the resulting cytoplasmic domain consists of only three amino acids, forming a “tail-less” receptor 
variant or CD44st (short-tail). CD44st does not bind or internalize HA effi ciently and its expression 
varies from 5% to 33% of total CD44 receptors in normal articular chondrocytes. Interestingly, 
CD44st may be a one of several regulators for CD44H, since antisense inhibition of CD44st enhances 
HA binding and internalization by CD44H [112]. Other studies with CD44st indicate that the 
cytoplasmic domain of CD44 is also critical for HA binding, pericellular matrix assembly, and 
endocytosis of HA [113]. It is not known how CD44st interacts with CD44H, but one possibility is 
steric interference through common ECM-binding partners.

Most CD44 splice variants were discovered, with the use of reverse transcription polymerase 
chain reaction (RT-PCR) or immunohistochemistry in cancer specimens, as markers of metastasis 
[114,115]. The predominant hypothesis is that the increased expression of CD44 and its variants 
leads to increased cell motility, survival, and sometimes, proliferation of cancerous cells in many 
types of tissues. Hundreds of studies have explored the involvement of many variants in numerous 
types of cancers, so we will briefl y note just a few common CD44 variants and their associated 
cancers. Culty et al. fi rst discovered variants in breast cancer. Their fi ndings indicated that not all of 
the higher mass species of CD44 bind HA and those that did bind HA had differing binding affi nities 
[100]. CD44v6 and v9 splice variants are present in numerous malignant cancers. CD44v6 associates 
with phosphylated c-Met/hepatocyte growth factor/scatter factor and stimulates downstream 
signaling through the MAP kinase pathway, stimulating metastasis in colon cancer cells [116]. 
CD44v6 and v9 protein levels, but not mRNA levels, are also increased by osteopontin, a secreted 
phosphoprotein that regulates both chemotaxis and attachment, in breast cancer cells [117]. CD44v6 
expression is increased in higher grades of malignancy in endometrial cancers, suggesting that this 
isoform is directly involved with stromal invasion of early squamous cervical carcinoma [118]. 
A large-scale study by Liu et al. [119] correlated metastasis of breast, gastric, lymph node, colorectal, 
and lung cancers with CD44v6.

Most studies have shown positive correlations between increased CD44 variant expression and 
disease. For example, CD44v3–10 is usually more highly expressed than normal in head and neck 
tumors, breast, ovarian, and general gynecological tumors [120–123]. Some studies indicate that 
CD44 variants may curtail the activities of CD44H. A study using SW620 cells, which do not 
express CD44, suggests that in this colon cancer cell model, overexpression of CD44 variants leads 
to a decrease in motility. When both CD44H and other CD44 variants are coexpressed, these variants 
interfere with the normal motility functions of CD44H [124]. Recently, the view is emerging that the 
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pattern of CD44 splice variants appears to be more relevant to disease outcomes than the amount of 
individual CD44 variants. For example, normal lung and nonsmall cell lung carcinoma express 
CD44 v10, v8–10, v6–10, v2–10, and v3–10. In lung adenocarcinoma, the expression of v6–10, 
v2–10, and v3–10 were lower, whereas in squamous cell lung carcinoma, the expression of these 
fi ve variants was either the same as normal lung or higher [125]. Certainly, the issues of CD44 splice 
variant expression patterns and the different ligands available for the variant region of CD44 is just 
beginning to be explored.

12.4.6 CD44 KNOCKOUT MICE

Since CD44 has many functions including cell–matrix interactions, internalization of HA, and 
transduction of cellular signaling, one would assume that animals lacking CD44 would be develop-
mentally impaired or severely deformed. It turned out that the CD44 knockout mice show no real 
change in phenotype [126]. Their skeleton, cartilage, and skin dermis are quite normal. In conditional 
knockouts in which a CD44 antisense transgene was controlled by the cytokeratin promoter, animals 
overaccumulated HA within the dermis of the skin and in the cornea of the eye [127]. The results 
suggest that during development in the CD44-KO background, compensatory mechanisms exist to 
take care of local HA turnover and ECM stabilization. These compensatory mechanisms either do 
not exist or are overwhelmed when there is a loss of CD44 in developed cells. It is not known what 
receptors might compensate for loss of CD44, but there are some good candidates. RHAMM could 
be one of them, since it binds HA, promotes cell signaling, and leukocyte migration. In the arthritic 
CD44−/− mouse, signaling through the RHAMM pathway upregulates proinfl ammatory genes such as 
IL-1Β, TNFα, and MAP kinase. The paw swelling symptom of collagen-induced arthritis was partially 
alleviated with anti-RHAMM antibody treatment, suggesting that cell migration and ECM stabilization 
is mediated by RHAMM in the absence of CD44 [128]. Overall, this indicates that RHAMM is a com-
pensatory receptor for CD44, but more research is needed to verify this.

12.5 LYMPHATIC VASCULAR ENDOTHELIAL HYALURONAN RECEPTOR 1

As noted above, the CD44−/− mouse has no apparent phenotype and the lymphatic endothelia are 
quite normal in these mice. Another candidate compensatory receptor in the absence of CD44 is 
lymphatic vascular endothelial hyaluronan receptor 1 (LYVE-1), a small HA-binding receptor 
expressed at high levels in the lymphatics. LYVE-1 is a type I, single-pass ∼60 kDa plasma mem-
brane glycoprotein containing 322 amino acids. A Link domain, which comprises the bulk of the 
receptor ectodomain, binds only HA, not CS or HS [129]. The cysteines (Cys) of this Link domain 
are highly conserved, but only three other residues (Lys46, Try87, and Asn109) are conserved in the 
Link family and known to be involved with HA binding. Much of the LYVE-1 Link domain is 
nonconserved, which may explain why this particular Link domain only binds HA and none of the 
other GAGs. On the C-terminal side of the Link domain, there are several tracts of basic amino 
acids, e.g., RRKK,198 which may also assist in HA binding. Like CD44, LYVE-1 contains one free 
Cys in the transmembrane region that may function as a dimerization stabilizer during receptor-
mediated endocytosis [130]. Two common pathways for endocytosis are entered by targeting either 
to clathrin-coated pits utilizing tyrosine-based motifs, e.g., YXXB or NPXY, where X is any amino 
acid and B is an amino acid with a bulky hydrophobic side-group [131], or to caveolae utilizing a 
hydrophobic motif, e.g., YXXXFXF [132]. LYVE-1 does not contain consensus sequences for coated-
pit-mediated endocytosis, and caveolin-mediated endocytosis by LYVE-1 has not been reported. 
It is quite possible that LYVE-1-mediated uptake is similar to CD44-mediated endocytosis in that 
the route of endocytosis is unique with a recycling receptor going to a specialized compartment 
where HA is dissociated from the receptor and then delivered to an acidic lysosome-like organelle 
[66]. However, this unusual endocytic mechanism is only proven in keratinocytes and is not known 
to exist in other cell types.

7269_C012.indd   1817269_C012.indd   181 9/6/2008   2:32:11 PM9/6/2008   2:32:11 PM



182 Animal Lectins: A Functional View 

LYVE-1 expression is limited to lymph vessel endothelium, but not blood vascular endothelium, 
with the possible exception of the liver sinusoids [133]. Tissues expressing LYVE-1 include lymph 
vessel endothelia draining GI, skin, breast, lymph node, and salivary gland tissues [129]. Since LYVE-1 
is restricted to lymphatic endothelia, it has been utilized as a distinct marker for lymphangiogenesis. 
Currently, the mechanisms stimulating and directing lymphangiogenesis are largely unknown. Lymp-
hangiogenesis is a similar process to hemangiogenesis, which is the outgrowth of new blood vessels 
into tissues. Current evidence indicates that lymphangiogenesis is mediated by vascular endothelial growth 
factor (VEGF-C) and -D binding to VEGFR3 to expand lymphatic vessel outgrowth. Likewise, 
hemangiogenesis is mediated by VEGF-A binding with VEGFR1 and VEGFR2 to promote blood 
vessel growth [134]. Lymphangiogenesis occurs naturally in growing tissues and grafted tissues. 
Like hemangiogenesis, lymphangiogenesis facilitates the traffi cking of monocytes and leukocytes 
throughout the tissue. Increased lymphangiogenesis is highly correlated with the rejection of graft 
tissue [135] and poor outcome due to premalignant breast cancer metastasis [136]. In contrast, decreased 
lymphangiogenesis and increased hemangiogenesis are implicated in the development of malignant 
cancer in which the traffi cking of white blood cells is restricted [137]. A high probability of metastasis 
and poor outcome is observed if the cancer tissue retains the lymph vessel endothelium, allowing the 
traffi cking of cancerous cells to spread to other areas of the body [138–140].

It is not clear how LYVE-1 fi ts into the lymphangiogenesis story besides being a good marker for 
lymph endothelium. The primary route of metastatic malignant cells and part of the circulatory route 
of white blood cells is through the lymphatic system. Like CD44, which is a homing receptor for 
leukocytes, LYVE-1 may facilitate the binding, rolling, and extravasation of leukocytes by its 
recognition of HA. Modeling the Link domain of LYVE-1 onto the CD44 Link crystal structure 
reveals that the LYVE-1 Link domain may have an on/off switching mechanism that works similarly 
to the N-glycan modifi cation mechanism on CD44 that regulates HA binding [82]. Indirect evidence 
of this switch is evident since the receptor is functionally “off” when expressed in B-lymphoma and 
cervical carcinoma cells, but functionally “on” when expressed in 293 or COS cells. Treatment of 
293T cells expressing LYVE-1 with phorbol 12-myristate 13-acetate increases HA binding to LYVE-1 
[141]. LYVE-1 may also transport HA across the lymphatic endothelium from the interstitium to the 
lymph in a transcytosis process. This idea is supported by the fi ndings that LYVE-1 is on both 
the luminal and abluminal sides of lymphatic capillaries and that the lymphatic endothelia contains 
intracytoplasmic vesicle clusters that may form stable channels that facilitate this type of transport 
[130,142]. The specifi c functional aspects of how LYVE-1, a distinct and interesting marker for the 
lymph endothelium, uses HA in cellular transport has yet to be discovered.

12.6 HYALURONIC ACID RECEPTOR FOR ENDOCYTOSIS

The hyaluronic acid receptor for endocytosis (HARE) is the primary scavenger receptor for systemic 
HA and CS turnover. The adult human body typically contains about 15 g of HA of which approximately 
one-third or 5 g is catabolized daily [143–145]. About 50% of the total HA is located in the epidermal 
layers with the remaining enriched in the bursa of the joints, the vitreous humor of the eye and, to 
varying extents, all other tissues. The catabolism of HA occurs at two levels: local, within the immediate 
areas of a tissue, and systemic, involving transport of HA to distal sites. As previously discussed, 
CD44, which is found on many cell types of the body, handles much of the local HA turnover. 
However, in the 1980s, Laurent and coworkers observed that most HA is not broken down at the local 
tissue level, but is rather transported through the lymphatic and vascular systems to distal sites to be 
catabolized in the sinusoidal endothelium of the lymph nodes and liver [145–147]. The general route 
of HA turnover involves local partial cleavage in tissues, possibly by hyaluronidases or mechanical/
oxidative degradation in the interstitium. The large HA fragments (probably with bound proteoglycans) 
fi rst perfuse through the lymphatic system, which catabolizes about 85% of it, with the remaining 
amount entering the peripheral circulation via the thoracic duct. This residual HA is then internalized 
and degraded in the liver sinusoids; maintaining steady-state HA blood levels at < 50 ng/mL.
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HARE was fi rst identifi ed, purifi ed, and characterized from rat liver sinusoidal endothelial cells 
[148,149]. Using cross-reacting monoclonal antibodies, the HARE protein from human spleen was 
then characterized [150], and soon after, molecular cloning of the rat and human HARE were 
reported [151,152]. HARE is expressed as two isoforms; a large 300 kDa (rat) or 315 kDa (human) 
and a smaller proteolytically processed 175 kDa (rat) or 190 kDa (human) form. The smaller rat and 
human recombinant HARE isoforms were characterized in stable cell lines by Zhou et al. [151] 
and Harris et al. [152]. The full-length human isoform was cloned and expressed in 293 cell lines 
and named Stabilin-2 due to its close homology to Stabilin-1, which had no known function at that 
time [153,154]. Subsequently, HARE was also named FEEL-2 [155,156], by other groups, although 
in the fi eld of glycobiology, it is commonly referred to as HARE as it will be in this chapter. Although 
earlier reports questioned the legitimacy of the smaller isoform [157], we confi rmed that cells 
expressing the human full-length recombinant protein from cDNA always produce both HARE 
isoforms [154].

Human HARE is expressed primarily in the medullary sinuses of lymph nodes, sinusoids of the 
liver, and venous sinuses of the spleen. It has also been reported in mice in specialized tissues such 
as corneal and lens epithelium, mesenchymal cells of heart valves, ependymal cells lining the 
ventricles of the brain, and in prismatic epithelial cells covering the renal papillae [158,159]. The 
human gene, located on chromosome 12q23.3, is 180.2 kb, contains 69 exons and encodes a 2551 
amino acid type I receptor (Figure 12.2). The glycoprotein mass by SDS-PAGE, including all 
glycosylation modifications, is 315/300 kDa and 190/175 kDa for both rat/human isoforms. 
The smaller isoform is identical to the C-terminal 1416 (human)/1431 (rat) amino acids of 
the full-length HARE protein. A subset of cellular HARE is proteolytically cleaved near or at 
the plasma membrane, but the protease involved remains unidentifi ed, and the proteolytic site 
does not contain a consensus sequence for any known proteases [154]. Both isoforms contain 
numerous fascilin-like and EGF-like domains in complex Cys-rich areas and one Link domain near 
the plasma membrane domain. The function of either the fascilin- and EGF-like domains is unknown, 
although they may interact with extracellular/matrix components during adhesion, signaling, or 
ligand interactions. We recently showed that the HARE Link domain is the primary HA-binding 
domain [172,173]. Since the HARE and TSG-6 Link domains share the greatest degree of homology 
[7] and bind HA with high affi nity, it is reasonable that the Link domain is the primary HA-binding 
domain of HARE, responsible for ~90% of the binding activity.

HA–HARE complex formation is high-affi nity [154,160] and cation-independent [161] and 
internalization of complexes proceeds via the clathrin-coated pit pathway [151,162,163]. The cytoplasmic 
domain contains three motifs involved in clathrin/AP-2 targeting or intracellular traffi cking after 
endocytosis (e.g., YSYFRI, FQHF and NPLY) [174]. Subcellular localization of recombinant rat 
HARE is primarily at the cell surface and in endocytic vesicles, but not lysosomes, suggesting that 
HARE is recycled back to the cell surface [151]. Additionally, cycloheximide treatment of isolated 
rat liver endothelial cells (LEC) revealed that endocytosis of 125I-HA proceeds uninterrupted for 
several hours, and the receptors recycle from endosomes back to the cell surface every ∼28 min to 
mediate uptake of additional HA [162]. Both rat and human HARE recycle in a similar fashion; 
recombinant 190 kDa human HARE in stable 293 Flp-In cell lines recycles every ∼8.5 min, 
whereas the recombinant 175 kDa rat HARE in stable SK-Hep1 cell lines recycles every ∼20 min 
[151,152]. The differences in receptor recycling times is more likely due to cellular machinery 
differences rather than intrinsic to the receptor itself.

12.6.1 HARE AND GAG BINDING

A primary role for HARE is to bind and endocytose HA, but it also internalizes CS-A, CS-C, CS-D, 
CS-E, DS, and Chon [152,172]. It has also been reported to bind advanced glycation end-products, 
collagen N-terminal propeptides, and Gram-negative and Gram-positive bacteria [155,156,163]. HA 
used in our standard endocytic experiments is radiolabeled with 125I only at the reducing end, which 
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keeps virtually all of the HA polymer native and unmodifi ed. To assess binding of free CS, HP, or 
HS chains, LECs were incubated with both the 125I-HA and an unlabeled GAG in competition assays. 
Interference of 125I-HA binding by CS and HP in rat LEC was discovered in the 1980s [162,164,165]. 
Oynebraten et al. [166] found that rat LECs effi ciently endocytosed and degraded labeled Sergly-
cin, the serum proteoglycans rich in CS and HS chains. Serglycin also interfered with HA 
binding; further supporting the conclusion that HARE is “promiscuous” and able to recognize many 
different GAGs [158,167,172]. As noted previously, CD44 also binds and internalizes Serglycin, 
but the effi ciency of binding and endocytosis by HARE is much greater. Later, when the 190 kDa 
HARE was cloned from human spleen and expressed in 293 Flp-In cells, all of the binding and 
endocytic assays indicated that Chon and all of the CS types competed for the binding of labeled HA 
to varying degrees. Inhibition of HA endocytosis was most pronounced with CS-A, CS-C, and 
CS-D, but was not observed with HP, HS, or KS [152]. The discrepancy in results regarding HP 
competition in earlier [162] versus recent [152] reports leads us to believe the HP used in earlier 
experiments may have contained other GAG impurities. The broad GAG-binding specifi city of HARE, 
its location in lymphatic and liver sinusoids, and its fast recycling activity as a coated-pit mediated 
endocytic receptor strongly argues that HARE is the primary scavenger receptor responsible for the 
clearance of multiple GAGs, including HA, rather than LYVE-1, CD44, RHAAM, or any other 
known HA/GAG receptor. For example, although LYVE-1 is located in lymphoid endothelium, it is not 
likely a systemic scavenger receptor for HA or CS because its binding affi nity for HA is too low to 
be effi cient and its endocytic uptake rate is less than half that for HARE. We also discovered that 
HARE is a clearance receptor for HP, and that the HA and HP binding sites are separate and 
independent [172,173].

12.6.2 HARE AND DEVELOPMENT

HA is a molecule that facilitates cell motility in cancer and development, for example, as seen in the 
HA/CD44/RHAMM studies. Since HARE is a recently discovered HA receptor, studies involving 
its role in development are few. HA and other proteoglycans are the foundation of endocardial 
development, chamber septation, and valve development. These ECM components participate in 
cell signaling cascades and creating space for cell infi ltration that is necessary for cellular differen-
tiation as the organ develops [168–170]. A study examining the role of fascilin-containing genes 
expressed in heart development shows that Stabilin-1, HARE, β-IgH3, and periostin are regulated 
both spatially and temporally as the heart develops [159,171]. HARE expression is restricted to the 
postnatal mature valve endothelial cells, an area rich in GAGs. Another preliminary study indicates 
that HARE expression oscillates as the fetal rat liver develops. Using histological methods, HARE 
expression is present as early as day 13, maximizes by day 15, disappears by day 17, and then 
reappears on day 18 (P.H. Weigel, unpublished data). It is not known what regulates this differential 
gene expression although the production and scavenging of HA by hyaladherins in organogenesis is 
critical for proper development.

12.7 CONCLUSION AND FUTURE DIRECTIONS

The basic ligand-binding functionalities of the HA/CS receptors are fairly well known. Tissue/ECM 
remodeling, organ development, and responses to diseases caused by either intrinsic pathologies 
(cancer, arthritis, etc.) or external invaders caused by bacterial or viral infections are more of the 
complex roles that involve the HA/CS receptors. There are considerable redundancies in place to 
handle the maintenance of basic life functions in case one of these receptors fails. This is most 
evident in the CD44 and LYVE-1 knockout mice, which contain no obvious phenotype, although 
multiple functions (especially for CD44) have been attributed to the respective receptor. However, 
each receptor is necessary for the optimal response in the organism to meet all of the different 
challenges associated with life. One of the future challenges for the HA/CS receptors is the understanding 
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of how the molecular machinery is tied in with physiological responses. Despite the numerous 
studies on the subject of endocytosis, the molecular pathways for receptor internalization, ligand 
uncoupling, gene regulation, and transport are only vaguely understood for these receptors. In addition, 
it is not known how these pathways and molecular mechanisms are altered in cases of cancer or 
infection. Current research is still on the observation stage in which we are dissecting the mechanical 
parts and we have much to learn on how these parts work together.
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13.1 INTRODUCTION

Galectins are members of animal lectins that bind β-galactosides through evolutionarily conserved 
sequence elements of the carbohydrate recognition domain (CRD) [1]. To date, 15 members of the 
galectin family have been identifi ed, cloned, and classifi ed into three subgroups based on their 
structure and numbers of the CRD: (1) prototype (galectin-1, -2, -5, -7, -10, -11, -13, -14, and -15); 
(2) chimera-type (galectin-3); and (3) tandem repeat type (galectin-4, -6, -8 -9, and -12), [2]. It has 
been suggested that these multivalent members of the galectin family might play different roles in 
various biological responses [3].

Galectin-3, previously described as IgE-binding protein, CBP35, CBP30, Mac-2, L-29, L-31, 
and L-34 plays an important role in tumorigenesis and progression through regulating cell 
proliferation, apoptosis, cell adhesion, invasion, angiogenesis, and metastasis by binding to the 
carbohydrate moiety of cell surface glycoproteins or glycolipids. In this chapter, multiple biological 
functions of galectin-3 in relation to tumorigenesis and its progression to malignant phenotype 
have been discussed.

13.2 STRUCTURE AND DISTRIBUTION OF GALECTIN-3

The coding sequence of galectin-3 gene produces a protein with 31 kDa molecular mass that 
comprises 250 amino acid residues. Galectin-3 has a unique chimera-type structure consisting of 
three different domains: an NH2-terminal domain, a repeated collagen-like sequence rich in glycine, 
proline and tyrosine residues, and a COOH-terminal domain. The NH2-terminal domain consists 
of 12 amino acids containing a serine phosphorylation site that regulates its cellular targeting. 
The collagen-like domain contains two matrix metalloproteinases (MMPs) recognition sites. The 
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COOH-terminal domain contains a single CRD consisting of 140 amino acid residues, which defi nes 
the molecular characteristics of galectin family [4–6].

Galectin-3 predominantly localizes in the cytoplasm, can import into the nucleus through at 
least two pathways: via passive diffusion and/or active transport [7,8] and secrete from the cytoplasm 
via the nonclassical secretion pathway since galectin-3 contains no consensuses signal sequence for 
either secretion or nuclear translocation [9,10].

13.3 GALECTIN-3 AND TUMOR CELL APOPTOSIS

Normal control of cell growth hinges on the delicate balance between cell proliferation and cell 
death. Dysregulation of either event can result in pathological consequences exemplifi ed by diseases 
such as cancer, where unchecked proliferation results in continuous accumulation of cells. Apoptosis 
is a natural biological mechanism observed during cancer cell death after chemotherapy or radio-
therapy. The resistance of tumor cells to apoptosis contributes to the increased malignancy of tumors 
and tumor progression.

Previous studies have shown that overexpression of galectin-3 correlated with increased 
resistance to apoptosis of cancer cells; however, more recent studies indicate its diverse effects on 
apoptosis depending on the intra- or extracellular localization of galectin-3.

13.3.1 EFFECT OF EXTRACELLULAR GALECTIN-3

It was reported that secreted extracellular galectin-3 could induce apoptosis of human T leukemia 
cell lines, human peripheral blood mononuclear cells, and activated mouse T cells. CD7 and CD29 
(β1 integrin) were identifi ed as the T cell surface glycoconjugate receptors for galectin-3, and the 
induction of apoptosis was triggered by extracellular galectin-3 binding to its receptors through 
carbohydrate-dependent interactions, which was inhibited by lactose, a specifi c sugar inhibitor. The 
proapoptotic signal generated by galectin-3 binding to its receptor is amplifi ed within the cell into a 
cascade of actions that resulted in activation of mitochondrial apoptosis events including cytochrome 
c release and caspase-3 activation, but not caspase-8 activation.

However, the apoptosis sensitivity to galectin-3 varied among the different cell lines. Galectin-3 
null Jurkat, CEM, and MOL T-4 cells were signifi cantly more sensitive to exogenous galectin-3 than 
SKW6.4 and H9 cells, which express galectin-3, suggesting a cross-talk between the intracellular 
and extracellular galectin-3 in regulating apoptosis [11]. These results suggest that the induction of 
T-cell apoptosis by secreted extracellular galectin-3 may play a role in the immune escape mechanism, 
which contributes to tumor progression and metastasis.

13.3.2 EFFECT OF INTRACELLULAR GALECTIN-3

It is well established that intracellular galectin-3 demonstrates antiapoptotic activity in response 
to various apoptotic stimuli in a wide variety of cells through diverse mechanisms in response to 
various apoptotic insults. It was reported that galectin-3 contains the NWGR amino acid sequence 
highly conserved in the BH1 domain of the bcl-2 gene family, which is implicated in its anti-
apoptotic activity [12]. It was also found that phosphorylation of the Ser 6 of galectin-3 acts as 
a molecular switch for its cellular translocation from the nucleus to the cytoplasm and, as a 
result, regulates the antiapoptotic activity of galectin-3 [13]. However, the exact mechanisms on 
how it regulates the apoptotic activity are unclear. Three possible mechanisms have been sug-
gested: (1) by affecting cell cycle processes; (2) by regulating mitochondrial integrity and cyto-
chrome c release; and (3) by modulating Akt activity and the subsequent apoptosis-associated 
events (Figure 13.1).

The human breast carcinoma BT549 cell line has been widely used to investigate the function of 
galectin-3 since it does not express this protein. Cell–matrix interactions regulate many cellular 
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responses including gene expression, differentiation, and cell survival [14–16]; it was hypothesized 
that the loss of cell–matrix interactions induce anoikis, a specifi c form of apoptosis, and cellular 
sensitivity to anoikis is associated with cell cycle regulation [17]. In contrast to the anoikis of BT549 
cells induced by the loss of cell anchorage, galectin-3 overexpressing BT549 cells respond to the loss 
of cell adhesion by inducing G1 arrest without detectable cell death. Galectin-3-mediated G1 arrest 
involves downregulation of G1-S cyclin levels (cyclin E and cyclin A) and upregulation of their inhibi-
tory protein levels (p21WAF1/CIP1 and p27KIP1). Rb protein becomes hypophosphorylated in galectin-3 
overexpressing cells after the loss of cell anchorage, but galectin-3 induces cyclin D1 expression (an 
early G1 cyclin) and its associated kinase activity [18]. These results suggest that galectin-3 inhibition 
of anoikis may involve cell cycle arrest at an anoikis-insensitive point (late G1) through modulation of 
gene expression and activities of cell cycle regulators. Another report also demonstrated galectin-3-
mediated inhibition of apoptosis through induction of cell cycle arrest. In another study, genistein, a 
natural isofl avonoid compound found in soy products, was used to induce apoptosis of BT549 cells. 
Genistein induced apoptosis and cell cycle arrest at G(2)/M in several cancer cell lines in vitro, which 
is associated with induction of p21WAF1/CIP1. Genistein effectively induced apoptosis without detectable 
cell cycle arrest in BT549, but it induced cell cycle arrest at the G(2)/M phase without apoptosis induc-
tion in galectin-3-transfected BT549 cells. Interestingly, genistein induced p21WAF1/CIP1 expression in 
galectin-3-expressing BT549 cells, but not in control BT549 cells undergoing apoptosis [19].

Another important mechanism of intracellular galectin-3 inhibition of apoptosis involves the 
infl uence of galectin-3 on mitochondrial integrity. By using the liver ischemia/reperfusion model, 
which induces nitrogen-free radical-mediated apoptosis and cell coculture system, galectin-3 
overexpression was shown to protect BT549 cells against nitric oxide–induced apoptosis, which 
involved protection of mitochondrial integrity, inhibition of cytochrome c release and caspase 
activation [20,21]. Similar results were obtained in human prostate cancer LNCap cells, where 
the expression of galectin-3 in LNCap cells inhibited anticancer drug-induced apoptosis by 
inhibiting the mitochondria-mediated pathway [22]. To further understand how galectin-3 regulates 
mitochondrial stability, some research was done to investigate which molecular events contribute to 

Genistein

K-Ras4B Cell membrane

Loss of cell contact

P21
p21

Synexin

Bcl-2Gal-3 Gal-3

Gal-3
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CyclinE
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PI3K
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Caspase-3
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FIGURE 13.1 Antiapoptosis mechanisms of intracellular galectin-3. The three main mechanisms are 
(1) regulating the cell cycle process, (2) stabilizing mitochondrial integrity, and (3) inhibiting cytochrome c 
release and subsequent procaspases activation and adjusting the Akt signal transduction pathway.
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this process. It was reported that galectin-3 translocates to the perinuclear membrane following 
a variety of apoptotic stimuli. Confocal microscopy and biochemical analysis revealed that 
galectin-3 is enriched in the mitochondria and prevents mitochondrial damage and cytochrome c 
release. Using a yeast two-hybrid system, researchers screened for galectin-3-interacting proteins 
that regulate galectin-3 localization and antiapoptotic activity. Synexin, a Ca2+ and phospholipid-
binding protein, was one of the proteins identifi ed. Direct interaction between galectin-3 and 
synexin was confi rmed by glutathione-S-transferase pull-down assay in vitro. It was also shown 
that galectin-3 failed to translocate to the perinuclear mitochondrial membranes when expression 
of synexin was downregulated, suggesting a role for synexin in galectin-3 traffi cking. Further-
more, downregulation of synexin abolished antiapoptotic activity of galectin-3 [23]. Taken 
together, these results suggest that synexin mediates galectin-3 translocation to the perinuclear 
mitochondrial membranes, where it regulates mitochondrial integrity critical for the regulation 
of apoptosis.

In addition to the two mechanisms above, it was found that galectin-3 might play an antiapoptotic 
role in human bladder carcinoma J82 cells by enhancing Akt activity. Parental J82 and the control 
vector-transfected J82 cells exhibit low levels of constitutively active Akt, resulting in sensitivity 
to TRAIL-induced apoptosis, on the other hand, J82 cells overexpressing galectin-3 cells 
expressed a high level of constitutively active Akt and were resistant to TRAIL-induced apoptosis. 
The prote-cting effect of galectin-3 can be blocked by wortmannin and LY-294002, which are 
phosphatidylinositol 3-kinase (PI3K) inhibitors. Moreover, the blockage of TRAIL-induced 
apoptosis in J82 cells seemed to be mediated by Akt through the inhibition of BID cleavage 
[24]. These results suggest that galectin-3 involves Akt as a modulator molecule in protecting 
bladder carcinoma cells from TRAIL-induced apoptosis. However in human breast cancer BT549 
cells, galectin-3 may regulate TRAIL-induced apoptosis in an opposite way. Studies showed that 
galectin-3 enhanced TRAIL-induced apoptosis in BT549 cells, which is mediated through 
dephosphorylation of Akt [25].

13.4 GALECTIN-3 AND TUMOR CELL PROLIFERATION

Growth-related expression and localization of galectin-3 suggest roles of this protein in the regu-
lation of cell proliferation. Indeed, signifi cant evidence has shown that galectin-3 is implicated 
in regulating tumor cell growth either by promoting or suppressing cell proliferation, in various 
cell lines.

Human leukemia T cells transfected with galectin-3 displayed higher growth rates than control 
nonexpressing transfectants [26]. Inhibition of galectin-3 gene expression in human pituitary 
adenoma cell line HP75 by RNA interference decreased cell proliferation [27]. Inhibition of 
galectin-3 expression led to loss of serum-independent growth, acquisition of growth inhibition 
properties by cell contact, abrogation of anchorage-independent growth, and a signifi cant suppression 
of tumor growth in nude mice [28]. A similar method has been applied to a human thyroid papillary 
carcinoma cell line and results showed that the anchorage-independent growth and saturation 
density of the clones expressing antisense RNA were signifi cantly suppressed compared with those 
of control clones [29]. Galectin-3 expression decreases with progression of prostate cancer and in 
contrast, it exerts functions more like an inhibitory molecule for prostate cancer. Overexpression of 
galectin-3 in human prostate cancer cell line LNCaP resulted in reduced cell proliferation and tumor 
growth in nude mice [30].

In most cases, the mechanism behind growth regulation by galectin-3 is not known. However, 
recent investigation shed light on this problem. One example is hensin, responsible for differentiation 
promoting activity and present in the extracellular matrix, was identifi ed as a binding partner for 
galectin-3 and cooperates with galectin-3 to promote epithelial differentiation [31]. It was also found 
that galectin-3 induces cyclin D1 promoter activity in human breast epithelial cells independent of 
cell adhesion through multiple cis-elements, including the SP1 and CRE sites and that galectin-3 
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cooperates with pRb for cyclin D1 promoter activation [32]. This study reveals a cell growth 
promoting activity of galectin-3 through cyclin D1 induction.

13.5 GALECTIN-3 AND TUMOR METASTASIS

In the past, numerous reports have demonstrated that galectin-3 expression is correlated with tumor 
progression and metastasis in various cancers, but galectin-3 may play an inhibitory or inducing role 
in cancer metastasis depending on different cancer types and organ systems. For example, in gastric 
cancer, melanoma, and pancreatic cancer, galectin-3 functions more like a tumor suppressor gene 
product. Okada et al. found that reduced expression of galectin-3 in gastric cancer was signifi cantly 
associated with lymph node metastasis, advanced stage, a poor prognosis, and multivariate analysis 
showed that galectin-3 expression was an independent prognostic factor [33]. In thin primary 
melanoma lesions, the expression of galectin-3 was higher than that in metastases and seemed to 
correlate inversely with the aggressiveness as estimated by the Breslow index, which is recognized 
as the main prognostic factor in melanoma [34]. In pancreatic adenocarcinoma, patient cases in the 
low galectin-3 expression group had a signifi cant tendency to be at later stages, to have distant 
metastasis, and to have less differentiated tumors, compared with cases in the high galectin-3 expres-
sion group. Postoperative overall survival was worse in the low galectin-3 expression group than in 
the high galectin-3 expression group, and the risk ratio of prognosis was 2.06 among patients in the 
low galectin-3 expression group compared with the high galectin-3 expression group [35]. Reversely, 
in human breast cancer, colon cancer, and human brain tumors, galectin-3 is implicated in tumor 
progression and metastasis [14,36,37]. Human breast cancer cell line BT549, which is galectin-3 
null, was transfected with galectin-3, after intrasplenic injection, galectin-3 transfected BT549 cells 
formed metastatic colonies in the liver, while galectin-3 null BT549 cells did not, and a single muta-
tion in the NWGR motif of galectin-3 obliterated its metastatic capability [21]. It demonstrated that 
galectin-3 enhances metastatic potential of the human breast cancer cell line BT549, possibly 
through its bcl-2-like NWGR motif. In colorectal cancer, it was shown that compared with normal 
colorectal mucosa, galectin-3 expression in the primary lesions of the cancer was signifi cantly 
increased, correlating with the progression of clinical stage, liver metastasis, venous invasion, and 
lymph node metastasis. The group showing strongly positive galectin-3 had a signifi cantly poorer 
prognosis than the negative or weakly positive group in terms of disease-free survival [38]. Simi-
larly, introduction of galectin-3 antisense into metastatic colon cancer cells (LSLiM6, HM7) resulted 
in a marked decrease in liver colonization and spontaneous metastasis by LSLiM6 and HM7 cells, 
whereas upregulation of galectin 3 resulted in increased metastasis by LS174T cells [36]. It was also 
demonstrated that expression of the endogenous galectin-3 correlates with the malignant potential 
and metastasis of tumors in the central nervous system. Glioblastomas (Grade 4 astrocytomas) 
stained strongly for galectin-3, anaplastic astrocytomas (Grade 3) exhibited intermediate expres-
sion, whereas low-grade astrocytomas (Grade 2) did not express the endogenous galectin-3. Normal 
brain tissue and benign tumors did not express galectin-3, whereas metastases to the brain were all 
positive for galectin-3 expression. Metastases expressed signifi cantly more galectin-3 than the 
primary tumors from which they were derived [14].

Though it has been indicated that galectin-3 plays an important role in tumor progression and 
metastasis, the mechanisms underlying the metastasis-associated role of galectin-3 is unclear and 
needs to be elucidated. Metastasis is a major fatal complication associated with malignancies. In 
many cases, tumor cells are disseminated through the blood fl ow. This transvenous metastasis is a 
complex process, involving many cell–cell and cell–extracellular matrix interactions. The process 
of metastasis requires the following steps: Growth at the primary site, angiogenesis at the primary 
site, detachment from the primary site, invasion through the extracellular matrix, dissemination of 
cells through the blood fl ow, tumor embolous formation in capillaries, and extravasation and growth 
at the secondary sites [39,40]. Here, we made a summary of the possible mechanisms through 
which galectin-3 impacts the cancer metastasis according to these above process.
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13.5.1 GALECTIN-3 AND ANGIOGENESIS

Angiogenesis in the microenvironment of cancer is required for tumor growth at the primary site and 
provides a gateway to the dissemination through the blood fl ow. Carbohydrate recognition may have a 
pivotal role in angiogenesis because angiogenic factors like fi broblast growth factor and vascular endothe-
lial growth factor bind initially to the extracellular matrix proteoglycans before binding to their cognate 
receptors [41]. Overexpression of galectin-3 in LNCaP, a galectin-3-negative human prostate cancer cell 
line, induced in vivo tumor growth and angiogenesis [42]. Galectin-3 stimulates capillary tube formation 
of human umbilical vein endothelial cells (HUVEC) in vitro and angiogenesis in vivo, which was inhib-
ited by specifi c sugars and antibodies. Direct carbohydrate dependent binding of galectin-3 to HUVEC 
and stimulation of chemotaxis was also demonstrated [41]. To interfere with galectin–carbohydrate 
interactions during tumor progression, a current challenge is the design of specifi c galectin inhibitors for 
therapeutic purposes. Some researchers reported the synthesis of three novel low molecular weight 
synthetic lactulose amines (SLA): (1) N-lactulose-octamethylenediamine (LDO), (2) N,N ′-dilactulose-
octamethylenediamine (D-LDO), and (3) N,N ′-dilactulose- dodecamethylenediamine (D-LDD). These 
compounds showed a differential ability to inhibit binding of galectin-3 to the highly glycosylated 
protein 90 K in solid-phase assays. In addition, each compound demonstrated selective regulatory effect 
in different events linked to tumor progression including endothelial cell morphogenesis and angiogenesis 
[43]. A plant polysaccharide, modifi ed citrus pectin (MCP), was shown to inhibit galectin-3-mediated 
functions and is reported to inhibit tumor growth, angiogenesis, and metastasis [44–46].

13.5.2 GALECTIN-3 AND CELL–MATRIX INTERACTION

Alterations of tumor cell interactions with laminin, a basement membrane glycoprotein, are consistent 
features of the invasive and metastatic phenotype. Qualitative and quantitative changes in the 
expression of laminin-binding proteins have been correlated with the ability of cancer cells to 
cross basement membranes during the metastatic cascade.

Most of the mammalian cells express various cell adhesion molecules, which mediate binding of 
cells to extracellular matrix, homotypic cell adhesion, and heterotypic adhesion. Galectin-3 is present 
on the cell surface and in the extracellular environment [47] and it is regarded as a nonintegrin lami-
nin-binding protein [48]. Galectin-3 on the cell surface fails to modulate adhesion of melanoma cells 
to laminin [49]. Soluble galectin-3 does not alter melanoma cell adhesion to laminin but oligomerized 
galectin-3 induces melanoma cell spreading on laminin [50]. Galectin-3 is the major laminin-binding 
protein on human colon carcinoma cells and its surface expression suggests involvement in metasta-
sis. Poorly differentiated cell lines and DLD-2, a signet-ring carcinoma cell line, are characterized as 
aggressive cell lines because they adhere to and invade through reconstituted basement membrane 
signifi cantly better than well-differentiated cell lines. Poorly differentiated cell lines and DLD-2 
expressed more surface galectin-3 than well-differentiated cell lines [51], which may be responsible 
for invasion of colon carcinoma cells. Galectin-3 overexpression in human nonsmall cell lung carci-
noma cell line DLKP results in enhanced adhesion to extracellular matrix components, cell motility, 
and in vitro invasiveness [52]. Galectin-3 transfected human breast carcinoma cell line BT549 adhered 
much more rapidly to laminin- and collagen IV-coated wells than the galectin-3 null expressing 
BT-549 cells. These cells were also able to invade through matrigel-coated polycarbonate fi lters at 
approximately three times the rate of BT-549 parental cells. In addition, galectin-3 expression may 
modulate the surface expression of some of the integrins specifi c for laminin and collagen IV 
adhesion and invasion of basement membrane by breast carcinoma cells [53].

13.5.3 GALECTIN-3 AND HOMOTYPIC AND HETEROTYPIC CELL ADHESION

The formation of secondary tumors by circulating cancer cells correlates with an increased tendency 
of the cells to form emboli by aggregation with other tumor cells in microcapillaries followed by 
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extravasation at secondary sites. In the fi rst step of extravasation, cells bind to endothelial cells 
followed by penetrating through the layers of endothelial cells and basement membrane. This 
binding between circulating cells and endothelial cells is mediated by specifi c interactions between cell 
surface lectins and carbohydrates present on glycoproteins, glycolipids, and glycosaminoglycans.

It was shown that cell surface galectin-3 mediates homotypic cell adhesion by binding to soluble 
complementary glycoconjugates [54]. Mac-2-binding protein, originally identifi ed as a ligand for 
galectin-3 [55], is a heavily N-glycosylated secreted protein and induces homotypic aggregation of 
melanoma cells. This aggregation is inhibited by lactose or antigalectin-3 antibody. This suggests 
that Mac-2-binding protein interacts with galectin-3 on tumor cell surfaces, resulting in the formation 
of multicell aggregation [54].

Interactions of metastatic cancer cells with vasculatory endothelium are critical during early 
stages of cancer metastasis. The Thomsen–Friedenreich antigen (T antigen), which has 
β-galactose as the terminal residue, is involved in adhesion of tumor cells to endothelium. It was 
demonstrated that cancer-associated carbohydrate T antigen plays a leading role in docking 
breast and prostate cancer cells onto endothelium by specifi cally interacting with cell surface 
galectin-3. Importantly, T antigen-bearing glycoproteins are also capable of mobilizing galectin-3 
to the surface of endothelial cells, thus priming them for harboring metastatic cancer cells [56]. 
It was found that both galectin-1 and galectin-3 participate in the adhesion of the human breast 
carcinoma cells MDA-MB-435 to the endothelium. Recombinant galectin-3 binds to T antigen 
in a dose-dependent manner. Galectin-3 clusters on endothelial cells at the sites of contact with 
tumor cells, consistent with its possible interaction with T antigen on cancer cells; the galectin-1 
signal, however, strongly accumulated at the sites of cell–cell contacts, predominantly on tumor 
cells. Inhibitory peptides or antibody against T antigen inhibited homotypic aggregation of tumor 
cells and heterotypic adhesion of tumor cells to endothelial cells [57,58]. These results suggest 
that galectin-3 on cell the surface mediates metastasis-associated adhesion of tumor cells to 
endothelial cells by binding to cancer-specifi c T antigen, which is dependent on carbohydrate-
binding domain. Signifi cance of galectin-3 in homotypic and heterotypic cell–cell interactions 
was also demonstrated by using three-dimensional cocultures of endothelial and epithelial cells 
[37], which was inhibited by MCP [44].

13.6 CLINICAL SIGNIFICANCE OF GALECTIN-3 EXPRESSION IN TUMORS

A series of clinical evidence has been reported to support correlation between galectin-3 expression 
and malignant transformation. Consequently, diagnostic and prognostic signifi cance of galectin-3 
has been shown for some types of tumors. Metastasis is one of the most important causes of death 
in patients with malignant tumors, and tumor biomarkers that can predict metastasis and progno-
sis are important for clinical management of malignancies. Iurisci et al. reported that circulating 
levels of galectin-3 in the sera of patients with breast, gastrointestinal, lung, or ovarian cancer, 
melanoma, and Hodgkin’s lymphoma were elevated and circulating levels of galectin-3 refl ect 
biological aspects of tumor behavior associated with a metastasizing phenotype [59]. Gillenwater 
et al. reported that galectin-3 is localized to superfi cial mucosal layers in head and neck squamous 
cell carcinoma (HNSCC), and adjacent to keratin pearls in invasive carcinoma [17]. Xu et al. 
revealed that malignant thyroid tumors of epithelial cell origin and metastatic lymph nodes of 
papillary carcinomas exhibit high levels of galectin-3 as well as galectin-1, while neither benign 
thyroid tumors nor normal adjacent tissues express them [60]. Irimura et al. revealed a direct cor-
relation in human colon cancers between galectin-3 expression and tumor progression [61]. In our 
study on colon cancers, galectin-3 expression elevates, according to Dukes’ stage, and its over-
expression correlates with decreased survival of patients [53]. In contrast, Castronovo et al. 
reported that normal breast tissue expressed high levels of galectin-3 by immunoperoxidase staining, 
whereas galectin-3 was downregulated in breast cancer cells [62], however Shekhar et al. demon-
strated elevated levels of galectin-3 mRNA and protein in the luminal epithelial cells of normal 
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FIGURE 13.2 (See CD for color fi gure.) Galectin-3 network. The fi gure created using BiblioSphere 
software (Genomatix) represents most of the known proteins belonging to the galectin-3 network. Proteins 
shown in blue boxes are either transcription factors directly regulating the galectin-3 expression, proteins 
which change transcription activity after interaction with galectin-3, or proteins that have great impact on 
metabolic pathways. In most cases, the evidence for transcriptional regulation was confi rmed by MatInspector 
software. Other proteins in the fi gure change their activity after interaction with galectin-3 and have great 
impact on metabolic pathways, processes, or diseases (yellow boxes).

and benign ducts, downregulation in early grades of ductal carcinoma in situ (DCIS) and reexpression 
in peripheral tumor cells as DCIS lesions progressed to comedo-DCIS and invasive carcinomas 
[37]. In ovarian cancer, van den Brule et al. reported that galectin-3 expression was downregu-
lated in cancer cells compared with the normal tissues [63]. We have revealed that galectin-3 is 
also downregulated in prostate cancer. Approximately 60%–70% of the normal tissue examined 
demonstrated heterogenous expression of galectin-3, while in stage II tumors, there was a 
dramatic decrease in galectin-3 expression in both PIN and tumor sections, with only 10.5% of 
these samples expressing this protein [64]. Previous studies also suggested that the pattern 
of galectin-3 expression changed in the process of prostatic tumorigenesis and progression. 
It was reported that the profiles of galectin-3 localization in PIN cells and prostate cancer 
cells were very different from that observed in normal prostatic epithelial cells. Galectin-3 immu-
nostaining in PIN cells and prostate cancer cells were mostly detected in the cytoplasm compared 
to that of the normal prostatic epithelial cells in both the nucleus and cytoplasm [65]. These 
results suggest that galectin-3 has tumor progressive or inhibitory effects depending on tumor 
cell types. The variations in galectin-3 expression in vivo may depend on tumor-specifi c factors. 
Studies have been performed on the ability of the natural inhibitor of galectin-3, CP, and MCP to 
inhibit cancer growth and metastasis, and it was reported that rats fed on a 15% CP-enriched diet 
showed a higher apoptotic index in their colon [66]. Reduced 3H-thymidine incorporation into 
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DNA and, correspondingly, cell growth was reported when human prostatic JCA-1 cells were 
grown in media containing MCP [46,67]. Daily oral administration of MCP reduced the growth 
of implanted colon-25 tumor in Balb/c mice and dietary pectin reduced the growth of intramuscu-
larly transplanted mouse tumors [68]. In phase II clinical trials on colorectal carcinoma patients, 
MCP showed a positive clinical activity, where fi ve out of 23 patients showed tumor stabilization 
for a period of 2–6 months, and tumor shrinkage in one patient.

13.7 CONCLUSION AND FUTURE DIRECTIONS

To date, many studies have suggested that galectin-3 is a multifunctional protein implicated in 
various biological events including cell growth, apoptosis, cell adhesion, angiogenesis, and tumor 
metastasis. Here, we summarized that galectin-3 is involved in regulating apoptosis of tumor 
cells, but its effect is discrepant depending on its cellular distribution. Abundant research has 
confi rmed the antiapoptotic role of intracellular galectin-3 in various cancers. However, extracel-
lular galectin-3 exerts proapoptotic function in T-cells. More studies need be focused on the role 
of extracellular galectin-3 in different cell types to investigate if the proapoptotic role of extracel-
lular galectin-3 is a universal phenomenon and to explore the mechanisms. It was shown that most 
of the intracellular functions of galectin-3 involve protein–protein interactions rather than protein–
carbohydrate recognition as expected of a lectin, but most of the extracellular functions of galectin-3 
are mediated by protein–carbohydrate interactions. Interactions between galectin-3 and other 
molecules trigger different signal transduction pathways and subsequent effects. In this review, 
we also summarized that galectin-3 can either promote or suppress tumor cells proliferation 
depending on the cell types and that galectin-3 is implicated in cancer metastasis and tumor pro-
gression, but in some cancers, it induces the metastasis process, while in other cases it inhibits the 
process. All of this suggests that galectin-3 can display diverse functions, being tumorigenic in 
some cases while protecting from cancer progression in other cases. In order to clarify a defi nitive 
function of galectin-3, assessment of galectin-3-associated molecules in biological phenomena is 
required. Previous studies have reported some galectin-3-associated molecules in various cell 
biological processes (Figure 13.2). To further understand the function of galectin-3, it will become 
more important to explore the signal transduction pathway triggered by interaction between 
galectin-3 and associated molecules.

ACKNOWLEDGMENTS

We thank Victor Hogan for his critical reading and editing of the manuscript. We also thank Vivian 
Powell for manuscript preparation and editing. This manuscript was supported by NIH 
R37CA46120 to A.R.

REFERENCES

 1. Barondes, S.H., et al., Galectins: A family of animal beta-galactoside-binding lectins. Cell, 1994. 76(4): 
597–598.

 2. Hirabayashi, J., et al., Oligosaccharide specifi city of galectins: A search by frontal affi nity chromatog-
raphy. Biochim Biophys Acta, 2002. 1572(2–3): 232–254.

 3. Sacchettini, J.C., L.G. Baum, and C.F. Brewer, Multivalent protein–carbohydrate interactions. A new 
paradigm for supermolecular assembly and signal transduction. Biochemistry, 2001. 40(10): 
3009–3015.

 4. Barondes, S.H., et al., Galectins. Structure and function of a large family of animal lectins. J Biol Chem, 
1994. 269(33): 20807–20810.

 5. Gong, H.C., et al., The NH2 terminus of galectin-3 governs cellular compartmentalization and functions 
in cancer cells. Cancer Res, 1999. 59(24): 6239–6245.

 6. Herrmann, J., et al., Primary structure of the soluble lactose binding lectin L-29 from rat and dog and 
interaction of its non-collagenous proline-, glycine-, tyrosine-rich sequence with bacterial and tissue 
collagenase. J Biol Chem, 1993. 268(35): 26704–26711.

7269_C013.indd   2037269_C013.indd   203 9/2/2008   11:12:12 AM9/2/2008   11:12:12 AM



204 Animal Lectins: A Functional View 

 7. Nakahara, S., et al., Importin-mediated nuclear translocation of galectin-3. J Biol Chem, 2006. 281(51): 
39649–39659.

 8. Nakahara, S., et al., Characterization of the nuclear import pathways of galectin-3. Cancer Res, 2006. 
66(20): 9995–10006.

 9. Hughes, R.C., Secretion of the galectin family of mammalian carbohydrate-binding proteins. Biochim 
Biophys Acta, 1999. 1473(1): 172–185.

 10. Moutsatsos, I.K., et al., Endogenous lectins from cultured cells: Nuclear localization of carbohydrate-
binding protein 35 in proliferating 3T3 fi broblasts. Proc Natl Acad Sci USA, 1987. 84(18): 6452–6456.

 11. Fukumori, T., et al., CD29 and CD7 mediate galectin-3-induced type II T-cell apoptosis. Cancer Res, 
2003. 63(23): 8302–8311.

 12. Akahani, S., et al., Galectin-3: A novel antiapoptotic molecule with a functional BH1 (NWGR) domain 
of Bcl-2 family. Cancer Res, 1997. 57(23): 5272–5276.

 13. Takenaka, Y., et al., Nuclear export of phosphorylated galectin-3 regulates its antiapoptotic activity in 
response to chemotherapeutic drugs. Mol Cell Biol, 2004. 24(10): 4395–4406.

 14. Bresalier, R.S., et al., Expression of the endogenous galactose-binding protein galectin-3 correlates with 
the malignant potential of tumors in the central nervous system. Cancer, 1997. 80(4): 776–787.

 15. Konstantinov, K.N., B.A. Robbins, and F.T. Liu, Galectin-3, a beta-galactoside-binding animal lectin, is 
a marker of anaplastic large-cell lymphoma. Am J Pathol, 1996. 148(1): 25–30.

 16. Lotan, R., et al., Expression of a 31-kDa lactoside-binding lectin in normal human gastric mucosa and 
in primary and metastatic gastric carcinomas. Int J Cancer, 1994. 56(4): 474–480.

 17. Gillenwater, A., et al., Expression of galectins in head and neck squamous cell carcinoma. Head & Neck, 
1996. 18(5): 422–432.

 18. Kim, H.R., et al., Cell cycle arrest and inhibition of anoikis by galectin-3 in human breast epithelial 
cells. Cancer Res, 1999. 59(16): 4148–4154.

 19. Lin, H.M., et al., Galectin-3 mediates genistein-induced G(2)/M arrest and inhibits apoptosis. Carcino-
genesis, 2000. 21(11): 1941–1945.

 20. Moon, B.K., et al., Galectin-3 protects human breast carcinoma cells against nitric oxide-induced apop-
tosis: Implication of galectin-3 function during metastasis. Am J Pathol, 2001. 159(3): 1055–1060.

 21. Song, Y.K., T.R. Billiar, and Y.J. Lee, Role of galectin-3 in breast cancer metastasis: Involvement of 
nitric oxide. Am J Pathol, 2002. 160(3): 1069–1075.

 22. Fukumori, T., et al., Galectin-3 regulates mitochondrial stability and antiapoptotic function in response 
to anticancer drug in prostate cancer. Cancer Res, 2006. 66(6): 3114–3119.

 23. Yu, F., et al., Galectin-3 translocates to the perinuclear membranes and inhibits cytochrome c release 
from the mitochondria. A role for synexin in galectin-3 translocation. J Biol Chem, 2002. 277(18): 
15819–15827.

 24. Oka, N., et al., Galectin-3 inhibits tumor necrosis factor-related apoptosis-inducing ligand-induced 
apoptosis by activating Akt in human bladder carcinoma cells. Cancer Res, 2005. 65(17): 7546–7553.

 25. Lee, Y.J., et al., Reconstitution of galectin-3 alters glutathione content and potentiates TRAIL-induced 
cytotoxicity by dephosphorylation of Akt. Exp Cell Res, 2003. 288(1): 21–34.

 26. Yang, R.Y., D.K. Hsu, and F.T. Liu, Expression of galectin-3 modulates T-cell growth and apoptosis. 
Proc Natl Acad Sci USA, 1996. 93(13): 6737–6742.

 27. Riss, D., et al., Differential expression of galectin-3 in pituitary tumors. Cancer Res, 2003. 63(9): 
2251–2255.

 28. Honjo, Y., et al., Down-regulation of galectin-3 suppresses tumorigenicity of human breast carcinoma 
cells. Clin Cancer Res, 2001. 7(3): 661–668.

 29. Yoshii, T., et al., Galectin-3 maintains the transformed phenotype of thyroid papillary carcinoma cells. 
Int J Oncol, 2001. 18(4): 787–792.

 30. Ellerhorst, J.A., et al., Effects of galectin-3 expression on growth and tumorigenicity of the prostate 
cancer cell line LNCaP. Prostate, 2002. 50(1): 64–70.

 31. Hikita, C., et al., Induction of terminal differentiation in epithelial cells requires polymerization of 
hensin by galectin 3. J Cell Biol, 2000. 151(6): 1235–1246.

 32. Lin, H.M., et al., Galectin-3 enhances cyclin D(1) promoter activity through SP1 and a cAMP-responsive 
element in human breast epithelial cells. Oncogene, 2002. 21(52): 8001–8010.

 33. Okada, K., et al., Reduced galectin-3 expression is an indicator of unfavorable prognosis in gastric 
cancer. Anticancer Res, 2006. 26(2B): 1369–1376.

 34. Vereecken, P., et al., Expression of galectin-3 in primary and metastatic melanoma: Immunohistochemi-
cal studies on human lesions and nude mice xenograft tumors. Arch Dermatol Res, 2005. 296(8): 
353–358.

7269_C013.indd   2047269_C013.indd   204 9/2/2008   11:12:12 AM9/2/2008   11:12:12 AM



Galectin-3 and Cancer 205

 35. Shimamura, T., et al., Clinicopathological signifi cance of galectin-3 expression in ductal adenocarcinoma 
of the pancreas. Clin Cancer Res, 2002. 8(8): 2570–2575.

 36. Bresalier, R.S., et al., Metastasis of human colon cancer is altered by modifying expression of the 
beta-galactoside-binding protein galectin 3. Gastroenterology, 1998. 115(2): 287–296.

 37. Shekhar, M.P., et al., Alterations in galectin-3 expression and distribution correlate with breast cancer 
progression: functional analysis of galectin-3 in breast epithelial–endothelial interactions. Am J Pathol, 
2004. 165(6): 1931–1941.

 38. Nakamura, M., et al., Involvement of galectin-3 expression in colorectal cancer progression and metas-
tasis. Int J Oncol, 1999. 15(1): 143–148.

 39. Kohn, E.C., Development and prevention of metastasis. Anticancer Res, 1993. 13(6B): 2553–2559.
 40. Raz, A. and R. Lotan, Endogenous galactoside-binding lectins: A new class of functional tumor cell 

surface molecules related to metastasis. Cancer Metastasis Rev, 1987. 6(3): 433–452.
 41. Nangia-Makker, P., et al., Galectin-3 induces endothelial cell morphogenesis and angiogenesis. Am J 

Pathol, 2000. 156(3): 899–909.
 42. Califi ce, S., et al., Dual activities of galectin-3 in human prostate cancer: Tumor suppression of nuclear 

galectin-3 vs tumor promotion of cytoplasmic galectin-3. Oncogene, 2004. 23(45): 7527–7536.
 43. Rabinovich, G.A., et al., Synthetic lactulose amines: Novel class of anticancer agents that induce tumor-cell 

apoptosis and inhibit galectin-mediated homotypic cell aggregation and endothelial cell morphogenesis. 
Glycobiology, 2006. 16(3): 210–220.

 44. Nangia-Makker, P., et al., Inhibition of human cancer cell growth and metastasis in nude mice by oral 
intake of modifi ed citrus pectin. J Natl Cancer Inst, 2002. 94(24): 1854–1862.

 45. Pienta, K.J., et al., Inhibition of spontaneous metastasis in a rat prostate cancer model by oral adminis-
tration of modifi ed citrus pectin [see comment]. J Natl Cancer Inst, 1995. 87(5): 348–353.

 46. Platt, D. and A. Raz, Modulation of the lung colonization of B16-F1 melanoma cells by citrus pectin. 
J Natl Cancer Inst, 1992. 84(6): 438–442.

 47. Cherayil, B.J., S.J. Weiner, and S. Pillai, The Mac-2 antigen is a galactose-specifi c lectin that binds IgE. 
J Exp Med, 1989. 170(6): 1959–1972.

 48. Woo, H.J., et al., The major non-integrin laminin binding protein of macrophages is identical to carbo-
hydrate binding protein 35 (Mac-2). J Biol Chem, 1990. 265(13): 7097–7099.

 49. van den Brule, F.A., et al., Galectin-3, a laminin binding protein, fails to modulate adhesion of human 
melanoma cells to laminin. Neoplasma, 1995. 42(5): 215–219.

 50. van den Brule, F.A., F.T. Liu, and V. Castronovo, Transglutaminase-mediated oligomerization of 
galectin-3 modulates human melanoma cell interactions with laminin. Cell Adhes Commun, 1998. 5(6): 
425–435.

 51. Lee, E.C., et al., Carbohydrate-binding protein 35 is the major cell-surface laminin-binding protein in 
colon carcinoma. Arch Surg, 1991. 126(12): 1498–1502.

 52. O’Driscoll, L., et al., Galectin-3 expression alters adhesion, motility and invasion in a lung cell line 
(DLKP), in vitro. Anticancer Res, 2002. 22(6A): 3117–3125.

 53. Warfi eld, P.R., et al., Adhesion of human breast carcinoma to extracellular matrix proteins is modulated 
by galectin-3. Invasion Metastasis, 1997. 17(2): 101–112.

 54. Inohara, H., et al., Interactions between galectin-3 and Mac-2-binding protein mediate cell–cell adhe-
sion. Cancer Res, 1996. 56(19): 4530–4534.

 55. Rosenberg, I., et al., Mac-2-binding glycoproteins. Putative ligands for a cytosolic beta-galactoside 
lectin. J Biol Chem, 1991. 266(28): 18731–18736.

 56. Glinsky, V.V., et al., The role of Thomsen-Friedenreich antigen in adhesion of human breast and prostate 
cancer cells to the endothelium. Cancer Res, 2001. 61(12): 4851–4857.

 57. Glinsky, V.V., et al., Effects of Thomsen–Friedenreich antigen-specifi c peptide P-30 on beta-galacto-
side-mediated homotypic aggregation and adhesion to the endothelium of MDA-MB-435 human breast 
carcinoma cells. Cancer Res, 2000. 60(10): 2584–2588.

 58. Khaldoyanidi, S.K., et al., MDA-MB-435 human breast carcinoma cell homo- and heterotypic adhesion 
under fl ow conditions is mediated in part by Thomsen–Friedenreich antigen–galectin-3 interactions. 
J Biol Chem, 2003. 278(6): 4127–4134.

 59. Iurisci, I., et al., Concentrations of galectin-3 in the sera of normal controls and cancer patients. Clin 
Cancer Res, 2000. 6(4): 1389–1393.

 60. Xu, X.C., A.K. el-Naggar, and R. Lotan, Differential expression of galectin-1 and galectin-3 in thyroid 
tumors. Potential diagnostic implications. Am J Pathol, 1995. 147(3): 815–822.

 61. Irimura, T., et al., Increased content of an endogenous lactose-binding lectin in human colorectal carci-
noma progressed to metastatic stages. Cancer Res, 1991. 51(1): 387–393.

7269_C013.indd   2057269_C013.indd   205 9/2/2008   11:12:13 AM9/2/2008   11:12:13 AM



206 Animal Lectins: A Functional View 

 62. Castronovo, V., et al., Decreased expression of galectin-3 is associated with progression of human breast 
cancer. J Pathol, 1996. 179(1): 43–48.

 63. van den Brule, F.A., et al., Expression of the 67-kD laminin receptor, galectin-1, and galectin-3 in 
advanced human uterine adenocarcinoma. Hum Pathol, 1996. 27(11): 1185–1191.

 64. Pacis, R.A., et al., Decreased galectin-3 expression in prostate cancer. Prostate, 2000. 44(2): 118–123.
 65. Van den Brule, F.A., et al., Alteration of the cytoplasmic/nuclear expression pattern of galectin-3 

correlates with prostate carcinoma progression. Int J Cancer, 2000. 89(4): 361–367.
 66. Avivi-Green, C., Z. Madar, and B. Schwartz, Pectin-enriched diet affects distribution and expression of 

apoptosis-cascade proteins in colonic crypts of dimethylhydrazine-treated rats. Int J Mol Med, 2000. 
6(6): 689–698.

 67. Hsieh, T.C. and J.M. Wu, Changes in cell growth, cyclin/kinase, endogenous phosphoproteins and nm23 
gene expression in human prostatic JCA-1 cells treated with modifi ed citrus pectin. Biochem Mol Biol 
Int, 1995. 37(5): 833–841.

 68. Taper, H.S., N.M. Delzenne, and M.B. Roberfroid, Growth inhibition of transplantable mouse tumors by 
non-digestible carbohydrates. Int J Cancer, 1997. 71(6): 1109–1112.

7269_C013.indd   2067269_C013.indd   206 9/2/2008   11:12:13 AM9/2/2008   11:12:13 AM



207

14 Myelin-Associated 
Glycoprotein (Siglec-4): 
A Nervous System Lectin 
That Regulates Axon–Myelin 
Stability and Axon 
Regeneration

Ronald L. Schnaar and Niraj R. Mehta

CONTENTS

14.1 Introduction  .......................................................................................................................  207
14.2 MAG Structure, Distribution, and Functions  ....................................................................  208
14.3 MAG (Siglec-4) Glycan-Binding Specifi city .....................................................................  210
14.4 MAG–Glycan Binding in MAG Function  ........................................................................  213

14.4.1 MAG–Glycan Binding Supports Axon–Myelin Stability ....................................  213
14.4.2 MAG–Glycan Binding in the Regulation of Axon Regeneration  ........................  213

 14.4.2.1  Sialidase and Sialoglycans Reverse MAG-Mediated Axon 
Outgrowth Inhibition in Vitro  ..............................................................  214

 14.4.2.2 Sialidase Enhances Spinal Axon Outgrowth in Vivo  ..........................  216
 14.4.2.3  Gangliosides are Sialoglycan Receptors for MAG-Mediated 

Inhibition of Axon Outgrowth  .............................................................  216
14.5 MAG: A Multifunctional Signaling Molecule with Dual Receptors  ................................  216
14.6 Conclusion and Future Directions  .....................................................................................  218
References  ....................................................................................................................................  218

14.1 INTRODUCTION

Myelin-associated glycoprotein (MAG, Siglec-4) is a multifunctional signaling protein that sits at 
the critical interface between axons—the thin nerve cell extensions that carry action potentials 
between nerve cells—and the multilamellar myelin wrap that ensheathes them [1,2]. Myelin acts not 
only to insulate but also to nurture axons, to regulate axon cytoarchitecture, and to help direct the 
local distribution of ion channels required for rapid nerve conduction. MAG plays key signaling 
roles that stabilize axon–myelin interactions [3,4], regulate the structure of myelin and axons 
[5–7], and control axon regeneration after injury [8,9]. Some of MAG’s functions depend on its 
lectin activity, which will be described more fully in a subsequent section.
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14.2 MAG STRUCTURE, DISTRIBUTION, AND FUNCTIONS

MAG is a cell surface-expressed member of the immunoglobulin-like (Ig) superfamily, with fi ve 
extracellular Ig-like domains, a single transmembrane domain, and one of two alternative short 
cytoplasmic tails [1]. It is heavily glycosylated, with about 30% of its ∼100 kDa mass represented by 
N-linked glycans [10]. MAG is produced only by myelinating glial cells: Oligodendrocytes in the 
central nervous system (CNS) and Schwann cells in the peripheral nervous system (PNS). Although 
MAG is a quantitatively minor myelin protein, comprising 1% of CNS and 0.1% of PNS myelin 
protein, it is not expressed uniformly throughout myelin. Although most of multilayered myelin 
consists of highly compacted membrane wraps, MAG is not expressed in compacted myelin. In the 
CNS, MAG is expressed primarily on the inner-most (periaxonal) noncompacted myelin wrap (see 
Figure 14.1) [11], whereas in the PNS, it is found on periaxonal myelin and other noncompacted 
myelin (paranodal loops, Schmitt–Lanterman incisures, and the mesaxon) [12].

MAG is coded by a single gene that is highly conserved among vertebrates [13]. Human and 
rodent MAG are 95% identical at the amino acid level over the entire extracellular expressed domain 
(fi ve immunoglobulin-like domains, ∼500 amino acids); human and fi sh (Danio rerio) MAG share 
>40% sequence identity. In mammals, MAG has two alternatively spliced forms, referred to as short 
(S-MAG) and long (L-MAG) [14]. They have identical extracellular Ig-like and transmembrane 
domains, differing only in the length and C-terminal sequence of their intracellular domains. 
Whereas L-MAG is predominant in the developing CNS, S-MAG dominates in the PNS throughout 
development and its relative expression in the CNS increases with development until it is as abundant 
as L-MAG in the adult [15]. The functional implications of expressing two forms of MAG have not 
been fully explored, although a selective mutation of L-MAG expression is revealing (see below). 
After injury, the extracellular domain MAG may also be released into the local environment by a 
proteolytic cleavage within the juxtamembrane sequence [16].

FIGURE 14.1 Ultrastructural location of MAG in the mouse optic nerve. Expression of MAG in a mature 
cross-section of a myelinated optic nerve axon. MAG expression is restricted to the periaxonal space. Primary 
anti-MAG antibodies were visualized with gold-conjugated secondary antibody. Ax, axon; M, myelin. Scale 
bar, 0.2 µm. (Reproduced from Schachner, M. and Bartsch, U., Glia, 29, 154, 2000; Bartsch, U., Kirchhoff, F., 
and Schachner, M., J. Comp. Neurol., 284, 451, 1989. With permission.)
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Because MAG is expressed on the wrap of myelin directly apposed to the axon surface (Figure 
14.1) [11], MAG has long been hypothesized to mediate axon–myelin interactions [1]. MAG 
functions have been revealed by both in vitro cell biological studies and in vivo genetic mutations. 
Mice engineered to carry a disrupted Mag gene lack MAG protein expression yet produce abundant 
myelin, indicating that MAG is not required for the formation of functional compact myelin [5,6]. 
However, Mag-null mice have a reduced number of myelinated axons and an increased number 
of unmyelinated axons in the CNS compared to wild-type mice [17,18], as well as aberrant forms 
of myelination including multiple myelinated axons, redundant myelin loops, and local myelin 
overproduction. The structure of the fi rst myelin loop adjacent to the axon is also altered in Mag-null 
mice, with a signifi cant loss of the characteristic periaxonal cytoplasmic collar [5,6,18]. These data 
infer that MAG plays a role in regulating myelination, presumably by modulating oligodendrocyte 
and Schwann cell function upon contact with the axon. Some of MAG’s roles in oligodendrocytes 
(in the CNS) involve its intracellular domain, as evidenced by CNS (but not PNS) dysmyelination 
phenotypes in mice with normal MAG levels, but engineered to lack the unique intracellular 
polypeptide extension found on L-MAG. In addition to its effects on myelination and myelin 
structures, the absence of MAG has profound affects on axons in the CNS and PNS.

As Mag-null mice age, they exhibit highly signifi cant axon degeneration [3,4], displaying a 
late-onset progressive axonal atrophy and increased Wallerian degeneration in both the PNS and 
CNS [2,3,19,20]. Additional evidence for MAG’s role in nurturing axons comes from evaluation of 
MAG effects on axonal neurofi laments [7]. Myelinated segments of axons have a greater diameter 
(and thereby greater conductivity) than unmyelinated segments. The increased diameter is due to an 
increase in phosphorylation of major axonal cytoskeletal components, neurofi laments. Myelinated 
axons in Mag-null mice have ultrastructural characteristics of unmyelinated axons and do not 
display myelin-mediated neurofi lament phosphorylation, increased neurofi lament spacing, or 
increased axon caliber [7,21,22]. Evidence that the effect of MAG on neurofi lament phosphoryla-
tion is mediated by direct contact between MAG and neurons comes from an experiment in which 
rat dorsal root ganglion neurons (DRGN) were cultured on MAG-expressing cells in vitro, resulting 
in a fi vefold increase in neurofi lament phosphorylation [21]. The relevance of this mechanism to 
human pathology is apparent from the fi nding of decreased neurofi lament spacing in nerve biopsy 
specimens from patients with anti-MAG-associated neuropathy [23]. These data imply that MAG 
binds to complementary receptors on the axon surface to induce intraaxonal signals that regulate the 
axon cytoskeleton and nurture the axon.

A primary function of myelin is to enhance nerve conduction velocity. This function depends on 
myelin’s insulating properties, but also on the highly structured longitudinal gaps in myelin called 
nodes of Ranvier, where voltage-dependent sodium channels cluster [24]. Maintenance of proper 
architecture at nodes of Ranvier and adjacent paranodal regions is essential for rapid saltatory nerve 
conduction. MAG, along with other myelin molecules, participates in defi ning the distribution of 
axon molecules at nodes of Ranvier [25]. The distribution of juxtaparanodal ion channels and cell 
recognition proteins on axons is altered in MAG mutants, compromising nerve conduction.

In addition to helping regulate myelination, stabilizing axon–myelin interactions and nurturing 
axons, MAG also inhibits axon regeneration [8,9]. Axons in the CNS fail to extend beyond an injury 
site even after a carefully controlled “microcrush” experimental lesion [26]. However, CNS axons 
retain the ability to regenerate when exposed to a supportive local environment, such as peripheral 
nerve bridges [27]. A wealth of research has led to the principle that endogenous factors in the local 
environment inhibit axon regeneration, thwarting the axon’s intrinsic ability to regenerate [28]. The 
distal end of the injured axon is exposed to diverse inhibitors in the glial scar that forms at the injury 
site, and on myelin that persists at the injury site [28]. At least four axon regeneration inhibitors 
(ARIs) have been identifi ed, including MAG [8,9], Nogo [29], oligodendrocyte–myelin glycoprotein 
[30], and chondroitin sulfate proteoglycans [31], each of which inhibits axon outgrowth in vitro. 
In each case, the inhibitor binds to complementary target ligands on the axon–nerve cell surface to 
initiate signaling that results in axonal cytoskeletal changes that halt axon outgrowth [28].
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Evidence that MAG is an axon regeneration inhibitor came from in vitro cell biological studies. 
When proteins were solubilized from myelin membranes and separated chromatographically, some 
fractions inhibited neurite outgrowth in vitro [9]. The major inhibitory peak coincided with the 
elution of MAG and purifi ed MAG was found to inhibit axon outgrowth. Neurons seeded on mono-
layers of fi broblasts engineered to express MAG had reduced neurite outgrowth [8]. Many studies 
using a variety of neurite and axon outgrowth models in vitro subsequently established MAG as an 
inhibitor and have implicated specifi c neuronal receptors, signaling pathways, and modulators of 
MAG’s inhibitory activity [32–39] (see the following discussion). Studies in vivo demonstrate a 
modest but signifi cant enhancement of axon regeneration in the absence of MAG, with Mag-null 
mice, but not wild-type mice, extending small numbers of long axons beyond an experimental lesion 
in the corticospinal tract [40]. Mice lacking MAG also demonstrate an increase in axon regeneration 
along residual peripheral myelin sheathes in mice that fail to effi ciently clear myelin from PNS 
injury sites [41]. The modest degree of axon regeneration in Mag-null mice is indicative of other 
animal models in which only one of the four known ARIs is genetically ablated or blocked [42–45]. 
Although the relative role of MAG as an inhibitor of axon regeneration in vivo has yet to be 
established, most current models include MAG as a major contributor to the inhibitory environ-
ment of the CNS [28,46,47]. These models primarily invoke an inhibitory role for full-length 
MAG on residual myelin, although proteolytically released soluble forms of MAG may also be 
inhibitory [48,49].

Presumably, MAG’s effects on axon–myelin stability and axon cytoarchitecture, as well as 
MAG’s inhibition of axon outgrowth after injury, are initiated when MAG binds directly to comple-
mentary receptors on the surface of axons or growth cones. Direct binding of MAG to neurons was 
fi rst demonstrated using MAG reconstituted in fl uorescent liposomes, which bound specifi cally to 
cultured DRGN and spinal cord neurons in vitro [50,51]. When DRGN from newborn mice were 
cultured on fi broblasts expressing full-length MAG, axon outgrowth was altered [51]. MAG’s 
binding to neurons and its function in altering axon outgrowth were both blocked by a specifi c 
anti-MAG monoclonal antibody. These fi ndings fi rst demonstrated functional neuronal receptors for 
MAG, the full identity of which is still under debate 20 years later.

As a member of the Siglec family of sialic acid-binding lectins, it is reasonable to propose that 
MAG binding to sialoglycoconjugates on the axon surface is responsible for some, if not most, of 
MAG’s effects. A description of MAG’s glycan binding specifi city and evidence for the functional 
role of MAG’s glycan binding are addressed in the following sections.

14.3 MAG (SIGLEC-4) GLYCAN-BINDING SPECIFICITY

MAG is a member of the Siglec family of lectins [52,53]. Sialic acid-recognizing Ig-superfamily 
lectins (Siglecs) are a family of 13 proteins (in humans) evolved to bind to terminal sialic acid 
residues of cell surface glycans. Each Siglec has specifi city for the extended glycan on which the 
sialic acid is expressed, comprised of the sialic acid, its linkage position to the penultimate sugar, 
and the other sugar residues in the sialoglycan chain. Initial glycan recognition studies revealed that 
MAG bound to native but not desialylated human erythrocytes, confi rming its ability to bind sialic 
acids [54]. Reconstitution of erythrocyte sialoglycans with different sialyltransferases revealed that 
MAG bound selectively to a NeuAcα2–3Galβ1–3GalNAc terminus [54,55]. In the nervous system, 
this terminus is expressed most abundantly on gangliosides GD1a and GT1b (see structures, Figure 
14.2) [56]. The same trisaccharide terminus is also found on O-linked glycoproteins, which are 
much less abundant than gangliosides in the brain [57].

Studies using a variety of natural and synthetic glycolipids as receptors (Figure 14.3) revealed 
that MAG binds with high affi nity to the major brain gangliosides GD1a and GT1b, and with yet 
higher affi nity to rare “α-series” gangliosides, which bear an additional sialic acid-linked α2–6 to 
the GalNAc, the simplest being GD1α (NeuAcα2–3Galβ1–3[NeuAcα2–6]GalNAcβ1–4Galβ1–
4Glcβ1–1′Cer). Whereas MAG binding required the structural fi delity of the terminal sialic acid 
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(see below), the internal sialic acids of GD1a and GD1α could be replaced with sulfate groups 
without decreasing MAG-binding affi nity [58]. These data imply that the primary glycan-binding 
site of MAG has high structural specifi city for NeuAcα2–3Galβ1–3GalNAc, and that adjacent 
anionic charges on the glycan structure enhance binding signifi cantly, perhaps due to complemen-
tary cationic patches on the surface of MAG near the primary sialic acid-binding site. The accuracy 
of this prediction will have to await enhanced structural data; the crystallographic structure of MAG 
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FIGURE 14.2 (See CD for color fi gure.) MAG-binding sialoglycan determinant on gangliosides. (Upper panel) 
Major brain ganglioside GD1a. The characteristic neutral core of brain “ganglio-series” gangliosides (Galβ1–
3GalNAcβ1–4Galβ1–4Glcβ1–1′ceramide) carries two sialic acids, one on the 3-hydroxyl of each galactose 
residue. The key MAG-binding determinant, NeuAcα2–3Galβ1–3GalNAc is outlined. (Lower panel) Stepwise 
biosynthesis of the major brain gangliosides starting from ceramide. Different glycosyltransferases act sequentially, 
fi rst on ceramide then on the growing glycosphingolipid glycan chain, to create the four major brain gangliosides 
common to all mammals. The biosynthetic step encoded by the N-acetylgalactosaminyltransferase gene B4galnt1 
(previously designated Galgt1 or GalNAcT) is noted. Mice lacking a functional B4galnt1 gene express the same 
total amount of brain ganglioside as wild type mice, but as the precursor structures GM3 and GD3. These mice, 
which lack the MAG-binding determinant on gangliosides, have a similar phenotype to mice lacking MAG.
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has not been reported to date. However, by analogy with the crystal structure of Siglec-1 [59,60], 
and based on site-directed mutagenesis [61], the primary sialoglycan-binding site is on the N-terminal 
Ig-like domain, with the sialic acid carboxylate making a salt bridge to arginine 118, although a 
secondary sialoglycan-binding site has been implicated based on functional studies [62] (see the 
following discussion).

In terms of its selectivity and requirements for sialic acid substructure, MAG is among the most 
stringent sialic acid-binding lectins thus far studied. Any synthetic alteration in the terminal sialic acid, 
including the absence or acetylation of any of the sialic acid hydroxyl groups, esterifi cation of the car-
boxyl group, or hydroxylation of the N-acetyl group (to N-glycolyl) resulted in sharply decreased MAG 
binding [63–66]. Saturation transfer difference nuclear magnetic resonance (NMR) confi rms the close 
association of the terminal sialic acid residue in a synthetic sialoglycan bound to MAG [66].

The glycan specifi city of MAG was confi rmed and extended using soluble sialosides as inhibi-
tors of MAG–sialoglycan binding in an enzyme-linked immunosorbent assay (ELISA)-type assay 
[67]. In a screen of several monovalent sialoglycans, the two with highest affi nity for MAG were a 
disialylated tetrasaccharide akin to the GD1α terminus, NeuAcα2–3Gal(NeuAcα2–6)GalNAc-R 
(Ki = 0.3 µM, disialyl T-antigen), and a trisaccharide akin to the GD1a/GT1b terminus, NeuAcα2–
3Galβ1–3GalNAc-R (Ki = 1.6 µM, sialyl T-antigen), where the aglycone (R) was N-acetyl threonine 
methyl ester. The aglycone of the sialoglycans affected binding as well as the saccharide structure 
[55,67], raising the possibility that one might design enhanced glycan-mimetic inhibitors of MAG. 
In this light, although modifi cations of substituents on the terminal α2–3 linked sialic acid are gener-
ally not tolerated [63,64], synthetic sialic acid methyl glycosides with a hydrophobic moiety replac-
ing the C9 hydroxyl of sialic acid had greatly enhanced MAG binding [60].

A summary of glycan binding specifi city studies reveals that MAG binds preferentially to glycans 
with a terminal α2–3-linked NeuAc residue linked to Galβ1–3GalNAc, and that binding is enhanced 
by additional sialic acid residues on the GalNAc 6-hydroxyl (such as in GD1α) or on the internal 
galactose of gangliosides such as GD1a and GT1b. Given its high specifi city for sialic acid binding 
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and its high evolutionary conservation, it is reasonable to hypothesize that MAG’s sialic acid binding 
relates to its biological functions. The next section explores the evidence for this hypothesis.

14.4 MAG–GLYCAN BINDING IN MAG FUNCTION

14.4.1 MAG–GLYCAN BINDING SUPPORTS AXON–MYELIN STABILITY

The fi nding that MAG binds selectively to NeuAcα2–3Galβ1–3GalNAc termini provided the means 
to test whether that terminus on gangliosides, in particular, is related to MAG’s functions. Ganglio-
sides are biosynthesized stepwise by the sequential action of glycosyltransferases, many of which 
are glycolipid-specifi c (Figure 14.2) [68]. In particular, the N-acetylgalactosaminyltransferase coded 
by the B4galnt1 gene (previously called Galgt1 or GalNAcT) is the single gene responsible for 
adding the GalNAc residue to growing ganglio-series gangliosides. In mice engineered to carry a 
disrupted B4galnt1 gene, the NeuAcα2–3Galβ1–3GalNAc ganglioside terminus is absent [69,70]. 
If MAG binding to that terminus on gangliosides is responsible for MAG’s biological effects, the 
phenotype of B4galnt1-null mice would be expected to share characteristics with that of Mag-null 
mice. Studies of B4galnt1-null mice support this conclusion.

B4galnt1-null mice lack all complex gangliosides, including MAG-binding gangliosides GD1a, 
GT1b, and the α-series gangliosides. However, they express the same total amount of brain ganglio-
sides (and ganglioside sialic acid) as wild-type mice, in the form of the upstream precursors GM3 
and GD3, which are quantitatively minor gangliosides in wild-type adult mammalian brain [70,71]. 
MAG does not bind to GD3 and binds to GM3 with one-tenth the affi nity as to GD1a or GT1b [64]. 
Despite the gross shift in their brain ganglioside patterns, B4galnt1-null mice appear normal at birth 
and into young adulthood [69]. Notably, at the age of 3 months, they begin to show signs of behavioral 
neuropathy, with altered gait and diminished refl exes [72]. When they reach 1 year of age, they have 
notably impaired hindlimb function, walking in short labored steps, and display other motor behavioral 
defi cits. Ultrastructural studies revealed markedly increased axon degeneration, decreased neuro-
fi lament spacing, and an increase in unmyelinated and dysmyelinated axons in B4galnt1-null mice 
[73], all defi cits that are similar to those that had been noted in Mag-null mice [2,7,18,19]. Also similar 
to Mag-null mice, B4galnt1-null mice display altered distribution of paranodal and juxtaparanodal 
markers at nodes of Ranvier [74]. Additional evidence for a relationship between MAG and brain 
gangliosides comes from the observation that MAG expression is progressively and selectively 
decreased in the brains of B4galnt1-null mice [71]. This occurs without a change in the expression 
level of the Mag gene, suggesting that MAG–ganglioside binding stabilizes MAG expression.

Subsequent experiments compared motor behavior and axon ultrastructure in B4galnt1-null, 
Mag-null, and double-null mice in the same experiments and on the same strain background [20]. 
The phenotypes of the three mutant strains differed from wild-type but were notably similar to one 
another. All three mutant genotypes had similar marked increases in PNS and CNS axon degenera-
tion, similarly reduced axon diameters and neurofi lament spacing, and similar behavioral defi cits, 
including impaired motor coordination and refl exes. Unexpectedly, Mag- and B4galnt1-null mouse 
strains were both hyperactive despite their motor defi cits. These data indicate the importance of the 
NeuAcα2–3Galβ1–3GalNAc terminus on gangliosides in the maintenance of long-term axon–my-
elin stability, and imply that the role of MAG in this stability is primarily via gangliosides and 
the role of gangliosides primarily via MAG. Thus, MAG is a nervous system lectin designed to 
bind to axonal gangliosides containing the NeuAcα2–3Galβ1–3GalNAc terminus, regulate 
axon cytoarchitecture, and mediate long-term axon–myelin stability.

14.4.2 MAG–GLYCAN BINDING IN THE REGULATION OF AXON REGENERATION

Controversy remains about whether sialoglycan binding is responsible for MAG’s inhibition of axon 
regeneration [39,75]. Based on in vitro axon outgrowth studies, strong data both support and refute 
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the hypothesis that sialoglycan binding is required for MAG inhibition of axon outgrowth [39,61,76]. 
Nerve cells, typically isolated from newborn rats or mice, have been grown on culture surfaces 
adsorbed with MAG extracted from myelin [9,39], on living fi broblasts engineered to ectopically 
express MAG [8,51], or have been treated with engineered soluble chimeric forms of MAG [61]. In 
all cases, MAG inhibits either the extent or rate of axon outgrowth. In some studies, MAG inhibition 
is partially or completely reversed by disrupting MAG–sialoglycan interactions [39,61,62,76], 
whereas in other cases, such disruption is without effect [32,61,77].

At the heart of the controversy is the fi nding that MAG binds in a glycan-independent manner 
to Nogo receptor (NgR) [32,77], a glycosylphosphatidylinositol-anchored (GPI-linked) protein on 
axons and growth cones that also mediates the inhibitory effects of two other ARIs, Nogo and OMgp 
[78]. Axon outgrowth studies confi rmed that MAG inhibits axon outgrowth via NgR binding and 
that NgR-mediated inhibition is not via MAG’s sialic acid-binding site. These data appear to dismiss 
the lectin activity of MAG as key to its axon outgrowth inhibition, but are at odds with the effects of 
sialidase in other published studies [39,62,76,79].

A hypothesis consistent with all of the data is that MAG has two independent inhibition domains, 
one that binds to sialoglycans and another that binds to NgR. The two independent MAG inhibition 
domains, independently or in concert, may inhibit axon outgrowth from different neuronal cell types 
(depending on NgR or sialoglycan expression), may mediate different MAG functions (axon 
cytoarchitecture or axon outgrowth inhibition), or may mediate inhibition by different molecular 
forms of MAG (full-length membrane-bound MAG or proteolytically released soluble MAG). In 
this section, the evidence for MAG axon inhibition via its lectin domains is presented, followed by 
a model of MAG’s dual inhibitory domains.

14.4.2.1  Sialidase and Sialoglycans Reverse MAG-Mediated 
Axon Outgrowth Inhibition in Vitro

Neurons, typically isolated from young rats or mice, are cultured in vitro, where under appropriate 
conditions, they extend axon-like projections, referred to as neurites. Early studies found that when 
DRGN from 1 day old mice were cultured on fi broblasts ectopically expressing MAG, neurite 
outgrowth was enhanced (rather than inhibited) in a MAG-specifi c manner (blocked by an anti-MAG 
monoclonal antibody) [51]. In contrast, subsequent studies demonstrated that neurite extension from 
several different neuronal cell types, including DRGN, was inhibited when they were plated on MAG-
expressing fi broblasts. This apparent discrepancy was resolved when it was discovered that the response 
of DRGN to MAG is developmentally regulated, with enhancement shifting to inhibition at 3 days after 
birth in rodents. The effect of MAG on neurite outgrowth from other types of rat and mouse neurons 
appears to be inhibitory, even at day 1 postnatal. Together, the data emphasize that different neuronal 
cells respond differently to MAG and that MAG inhibits neurite outgrowth from mature neurons.

In early studies, MAG-mediated inhibition of neurite outgrowth from cerebellar granule neurons 
(CGN) isolated from newborn rats and grown on MAG-expressing fi broblasts was partially and 
signifi cantly reversed by sialidase treatment or by addition of high concentrations of sialoglycans 
[76]. In subsequent studies, inhibition of axon outgrowth from CGN isolated from young rats (4–5 
day old) when plated on substrates adsorbed with native MAG was completely reversed by sialidase 
[39]. Further evidence that sialic acid binding is important to MAG’s axon outgrowth inhibition, at 
least for CGN, came from studies using monovalent sialoglycoside inhibitors. As described above, 
screening assays revealed that disialyl T-antigen (NeuAcα2–3Gal(NeuAcα2–6)GalNAc-R) and the 
trisaccharide NeuAcα2–3Galβ1–3GalNAc-R are potent blockers of MAG binding [67]. If sialoglycan 
binding by MAG is responsible for its inhibition of axon outgrowth, one would predict that adding 
these glycosides would reverse MAG-mediated inhibition. This was found to be the case using 
native MAG as an inhibitor of the extensive axon outgrowth from rat CGN (Figure 14.4). Sialogly-
cosides reversed MAG-mediated inhibition of axon outgrowth with effi cacy proportional to their Ki 
values for MAG binding; sialoglycans with poor MAG binding were without effect [79].

7269_C014.indd   2147269_C014.indd   214 9/6/2008   2:32:54 PM9/6/2008   2:32:54 PM



Myelin-Associated Glycoprotein (Siglec-4) 215

80

(A)

(C)

(B)

(D)

60

SLac

3ST

DST

40

20

0
1 10 100

Sugar concentration (µM)

A
xo

n 
ou

tg
ro

w
th

 in
hi

bi
tio

n 
(%

)

FIGURE 14.4 (See CD for color fi gure.) Reversal of MAG-mediated axon outgrowth inhibition by mon-
ovalent sialosides [79]. (Upper panels) Rat cerebellar granule neurons (CGN) were plated on control substrata 
(A, C) and on the same substrata adsorbed with myelin, containing MAG (B, D). After 48 h in control medium 
(A, B) or in the same medium containing 10 µM disialyl T glycoside (C, D), cells were immunostained to 
detect axons. Fluorescent micrographs are presented as reverse gray scale images. On the control substratum 
(A) cells extend a lacy network of axons. On the MAG-containing surfaces, axons clump together avoiding the 
substratum (B). Addition of 10 µM disialyl T glycoside reverses MAG-mediated inhibition (D). Bar = 100 µM. 
(Lower panel) Monovalent sialosides were added at the indicated concentrations to CGN cultured on control 
and MAG-containing substrata. After 48 h in culture, the cells were immunostained and axon outgrowth was 
quantifi ed. Data are expressed as MAG-mediated axon outgrowth inhibition from six to seven independent 
cultures (mean ± S.E.). Statistical analyses were performed using Student’s t-test: *, p < 0.02. Sialosides 
reversed MAG-mediated inhibition proportional to their MAG-binding affi nity, in the order (best to worst) 
disialyl T glycoside (DST) > sialyl T glycoside (NeuAcα2–3Galβ1–4GalNAc-R, 3ST) > 3-sialyllactose 
(SLac), which failed to reverse inhibition. (Reproduced from Vyas, A.A., Blixt, O., Paulson, J.C., and Schnaar, 
R.L., J. Biol. Chem., 280, 16305, 2005. With permission.)
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14.4.2.2 Sialidase Enhances Spinal Axon Outgrowth in Vivo

Since sialidase reversed MAG-mediated inhibition, we asked whether sialidase delivery to the 
injured spinal cord in live animals can improve recovery. As an initial test, we used a brachial plexus 
injury model [80]. The brachial plexus is the network of nerves that conducts signals between the 
spinal cord and the shoulder, arm and hand. When the arm is violently pulled away from the body, 
the brachial plexus nerves may be torn from the spinal cord, leaving the arm without motor or 
sensory function. To mimic this injury (and a potential therapy) in the rat, the brachial plexus nerves 
were cut fl ush to the spinal cord, then a nerve graft was used to bridge the spinal cord to the severed 
shoulder nerve. In some animals, sialidase was delivered to the graft insertion site. After 1 month to 
allow repair, the number of spinal motoneurons that extended new axons into the graft was counted 
using a retrograde dye. Sialidase treatment resulted in a marked, 2.6-fold enhancement of spinal 
axon outgrowth. These data implicate sialoglycans in the control of axon outgrowth after injury and 
suggest a therapeutic approach to enhance recovery from traumatic spinal cord injury. Whether 
enhanced spinal axon outgrowth was due to reversal of MAG-ganglioside binding or another 
sialic acid-dependent mechanism has not yet been established.

14.4.2.3  Gangliosides are Sialoglycan Receptors for MAG-Mediated 
Inhibition of Axon Outgrowth

Gangliosides are the most abundant sialoglycans in the brain and the major brain gangliosides GD1a 
and GT1b carry most of the preferred NeuAcα2–3Galβ1–3GalNAc MAG binding determinant [56]. 
The role of gangliosides as MAG receptors in axon outgrowth inhibition was tested using MAG 
inhibition of axon outgrowth from CGN’s isolated from young (4–5 day old) rats and mice [39]. 
Four lines of evidence, taken together, support the conclusion that gangliosides per se are functional 
receptors for MAG-mediated inhibition of axon outgrowth in this neuronal system: (i) sialidase 
reverses MAG inhibition; (ii) a metabolic inhibitor of glycolipid biosynthesis, P4 (1-phenyl-2-hexa-
decanoylamino-3-morpholino-1-propanol) reverses MAG inhibition; (iii) CGN from B4galnt1-null 
mice, which lack the NeuAcα2–3Galβ1–3GalNAc terminus specifi cally on gangliosides, are less 
responsive to MAG; and (iv) highly specifi c IgG-class antibodies to GD1a and GT1b selectively 
decrease MAG inhibition.

If MAG on myelin binds to gangliosides on the axon to initiate its inhibitory effects, how might 
this occur? One possibility is that MAG, which is concentrated on the periaxonal myelin membrane, 
clusters gangliosides on the apposing axon membrane, resulting in coclustering of signaling molecules. 
This hypothesis is supported by the fi nding that multivalent forms of anti-GD1a and anti-GT1b anti-
bodies mimic MAG inhibition [39,62]. It is proposed that adapter molecules associate with gangliosides 
to generate a transmembrane inhibitory signal, although the identity of such adapters is yet to be 
established. One potential adapter protein is p75ntr, the “low-affi nity” neurotrophin receptor, which 
was reported to bind to ganglioside GT1b and is also reported to be part of the NgR receptor complex 
[38,78]. However, the role of p75 in axon outgrowth inhibition has been questioned based on genetic 
evidence [81], and signaling via NgR is sialidase-independent in most studies [32,77], making it 
unlikely that GT1b or any other sialoglycan is required. Another NgR family member, NgR2, binds 
preferentially to MAG and mediates inhibition, apparently in a sialic acid-dependent manner [82]. 
Although additional studies will be needed to establish the receptors and mechanisms of MAG’s inter-
actions with axons, a working model based on current knowledge follows.

14.5  MAG: A MULTIFUNCTIONAL SIGNALING MOLECULE 
WITH DUAL RECEPTORS

MAG stabilizes axon–myelin interactions, regulates axonal cytoarchitecture, nurtures axons, and 
restricts axon regeneration. Some of these functions are mediated by MAG’s lectin activity, whereas 
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others appear to be sialoglycan-independent. For example, MAG is inferred to have a primary sialic 
acid-binding site in N-terminal Ig-like domain centered at arginine 118 [60]. Mutation of this arginine 
to an alanine or aspartic acid sharply diminished the ability of a soluble MAG chimera (MAG-Fc) to 
bind to neurons and reversed the ability of the chimera to inhibit axon outgrowth from cerebellar 
neurons, supporting a role of MAG’s lectin-binding activity in axon outgrowth inhibition [61]. How-
ever, in the same study, when the same arginine was mutated on fi broblasts expressing cell surface 
MAG, inhibition of axon outgrowth from CGN was retained, presumably in the absence of sialic 
acid-dependent lectin activity. Further complicating the interpretation of these data, a subsequent 
study indicated that R118-mutated MAG-Fc partially inhibited axon outgrowth from hippocampal 
neurons, and that the residual activity was sialic acid-dependent, implicating a second sialic acid-
binding site on MAG [62]. The second lectin site hypothesis is consistent with enhanced binding of 
disialyl T-antigen, where both sialic acids contribute to MAG-binding affi nity [67]. Unfortunately, 
crystallization of MAG and resolution of its sialic acid binding sites has not yet been reported.

Mag Mag

Myelin
OMgp
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[    ]

[GT1b]

NgR1(2)

Axon

?

? p75(TROY)

Increased
axon survival

Increased
axon caliber
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Neurofilament

phosphorylation

FIGURE 14.5 (See color insert following blank page 170. Also see CD for color fi gure.) Dual receptor 
model for MAG function. MAG, on the periaxonal myelin membrane, engages the sialoglycans GD1a and 
GT1b via its sialic acid binding sites. Via as yet unidentifi ed transmembrane adapter molecules, signals are 
conveyed to the neuron/axon that enhance axon survival, modulate axon caliber via neurofi lament phosphory-
lation, and inhibit axon outgrowth via activation of the small nonreceptor GTPase, RhoA. Independently, 
depending on the neuronal cell type, MAG and other axon regeneration inhibitors OMgp and Nogo engage 
the Nogo receptor (NgR) to activate RhoA and inhibit axon regeneration. Evidence suggests that MAG 
binding to gangliosides and NgR is independent and via different polypeptide domains. Knowledge of 
the dual pathways may provide insight into dysmyelination disease outcomes and provide novel targets to 
enhance axon regeneration after injury. (Modifi ed from Mehta, N.R., Lopez, P.H., Vyas, A.A., and Schnaar, 
R.L., J. Biol. Chem., 282, 27875, 2007. With permission.)
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As noted above, MAG binds with high affi nity to the Nogo receptor, NgR [32,77]. As a GPI-
linked protein, NgR and related family members are susceptible to release from the cell surface by 
phosphatidylinositol-specifi c phospholipase C (PIPLC) [83]. Studies using cerebellar and DRGNs 
demonstrated that MAG inhibition of axon outgrowth was reversed by PIPLC or by other methods 
that disrupt NgR, and that MAG-NgR interactions were sialic acid-independent [32,77]. Although 
subsequent studies suggested that NgR and its homologs (NgR2, NgR3) may bind to MAG in a 
sialic acid-dependent manner [82], the majority of studies suggest that functional MAG–NgR bind-
ing is independent of its lectin-binding activity. Recent domain swap studies between sialoadhesin 
(Siglec-1) and MAG (Siglec-4) indicate that MAG’s axon inhibitory activity, at least in some experi-
mental systems, is dependent on MAG’s fi fth Ig-like domain, which to date has not been reported to 
contain a sialic acid-binding activity, whereas inhibition was independent of MAG’s fi rst Ig-like 
domain, which is the primary sialic acid-binding site [75].

Although the model of NgR-mediated signaling by different axon regeneration inhibitors (MAG, 
Nogo, OMgp) has strong experimental support, and is attractive as a unifying hypothesis, recent 
evidence indicates that it falls short of fi tting all of the data, especially for MAG: (i) Mice engineered 
to lack NgR have limited or no improvement in axon outgrowth after CNS injury [84,85]; (ii) NgR 
mRNA is not readily detectable in many neurons that respond to axon regeneration inhibitors 
in vivo. This includes many neurons in the adult human spinal cord, adult DRG, and the neostriatum, 
whether intact or lesioned [28,86,87]; and (iii) Removal of NgR with PIPLC reverses MAG-mediated 
inhibition in some studies [32,77], but clearly not in others [88], even under conditions that totally 
reverse Nogo inhibition. It is also notable that treatment with sialidase enhanced spinal axon outgrowth 
in vivo, whereas PIPLC was without therapeutic benefi t [80].

14.6 CONCLUSION AND FUTURE DIRECTIONS

Together, current fi ndings are consistent with a model in which MAG has separate receptor-binding 
domains, a lectin-binding domain specifi c for sialoglycans and a distinct NgR-binding domain 
(Figure 14.5). These domains may act independently or in concert to engage the axon and initiate 
MAG’s multiple functions. Genetic data indicate that sialoglycans, and particularly gangliosides, 
are functional receptors for axon–myelin stabilization by MAG, and at least in part for MAG’s 
regulation of the axon cytoarchitecture and the distribution of ion channels and adhesion mole-
cules at nodes of Ranvier [20,74]. These data imply that MAG’s lectin activity is key to those 
functions. In contrast, MAG inhibition of axon outgrowth appears to involve both the lectin (sia-
loglycan) and nonlectin (NgR) binding domains, depending on the neuronal cell type and the 
nature of the presentation between MAG and the axon/growth cone/neuron cell surface [32,39,77]. 
This knowledge can be used to devise new approaches to reverse the inhibition of axon regenera-
tion caused by MAG and other ARIs with the aim of providing novel therapies to enhance recovery 
from CNS injury and disease.
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15.1 INTRODUCTION 

Molecular components of the extracellular matrix (ECM) are critical for matrix stabilization,  cellular 
differentiation, and tissue morphogenesis. Once thought to function only as the extracellular glue 
that primarily binds cells together, proteoglycans in the ECM carry out a diverse array of activities 
and can be grouped into fi ve functionally based families: (i) hyalectins (lecticans), which contain 
lectin-like carbohydrate-recognition domains (CRDs) and bind hyaluronan (HA); (ii) heparan sul-
fate (HS) proteoglycans that sequester growth factors via their HS chains; (iii) small leucine-rich 
 proteoglycans (SLRPs) containing leucine-rich domains that interact with collagens and other ECM 
proteins; (iv) phosphacans that function primarily as receptor-like protein–tyrosine phosphatases; 
and (v) part-time proteoglycans that reside both on the cell surface and in the ECM. More than 40 
cDNAs encoding proteoglycan core proteins have been discovered thus far [1]. For the sake of 
 brevity, this chapter will focus only on the four lecticans that bind HA (Figure 15.1): Aggrecan, 
neurocan,  brevican, and versican.

All lecticans have two N-terminal Link domains, one immunoglobulin-like module, a central 
glycosaminoglycan (GAG)-attachment region, and one or more EGF-like domains in the C-terminus. 
The lecticans are post-translationally modifi ed by O-Linked GAG chains on Ser residues of multiple 
Ser-Gly dipeptide repeats. Aggrecan, versican, neurocan, and brevican contain 120, 20, 7, and 3 
potential sites, respectively. Generally, the CS chains of the lecticans maintain structural integrity 
of the tissue ECM by serving as barrier functions to limit the growth and migration of cells. For 
example, the CS chains of neurocan and brevican act as barriers to inhibit neurite outgrowth and 
migration so that, hypothetically, dendrites are available for longer periods of time in their local 
environment to make the correct synaptic junctions [2] and set up guidance cues for migration 
[3,4]. The barrier functions of the lecticans exist on two levels: (I) as mechanical barriers, the 
proteoglycans form neuronal nets to physically constrain neurite outgrowth [5] and (II) as cell 
signaling barriers, the proteoglycans can activate intracellular signaling pathways regulated by 
the Rho-family GTPases to promote the disruption of the actin cytoskeleton and growth cone 
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collapse [6]. In addition to the barrier functions, GAGs in close proximity may also serve to 
sequester water to maintain tissue hydration.

Neurocan and brevican are primarily neural ECM lecticans, whereas aggrecan is found mainly 
in cartilage and versican is in vascular vessel walls. Aggrecan and versican play minor, albeit 
important and sometimes transient, functions in central nervous system (CNS) development 
and ECM composition [7]. Aggrecan, versican, and brevican are proteolytically degraded by 
 ADAMTS-1/4 (a disintegrin and metalloproteinase with thrombospondin motifs) metalloproteases, 
whereas neurocan is processed by matrix metalloproteinases 2 (MMP-2). Metalloprotease  cleavage 
of the lecticans is part of their normal turnover process and an increase in metalloprotease activity 
in tissues such as the brain may be a prerequisite for diseases such as Alzheimer’s disease and 
epilepsy [8]. Numerous reviews have described the biology, chemistry, and physiological impact of 
these lecticans, their splice variants, and their cohorts of interacting partners on matrix and cellular 
composition in tissues [9–19].

15.2 AGGRECAN

Chondrocytes synthesize and secrete the ECM components of cartilage. The most abundant protein 
is collagen II, which is up to 60% of the dry weight of the cartilage, followed by aggrecan (35% of 
dry weight). All other components make up the remaining 5% of the tissue dry weight [20]. The 
aggrecan core protein is heavily modifi ed in the endoplasmic reticulum (ER)/Golgi by addition of 
chondroitin sulfate (CS) and keratan sulfate (KS) chains prior to secretion from the cell. These 
 glycosaminoglycan (GAG) modifi cations greatly increase the molecular mass of the molecule by at 
least—four- to fi vefold over the core protein alone. After aggrecan is secreted from chondrocytes, it 
interacts with HA and Link proteins to form organized structures—proteoglycan aggregates. The CS 

G1 G2 G3
HABD IGD EGF1,2  CRD   SCR

Aggrecan

V0

V1

V2

V3

Neurocan

Brevican

Versican

GAG attachment region

GAG-α

GAG-α

GAG-β

GAG-β

FIGURE 15.1 (See color insert following blank page 170. Also see CD for color fi gure.) Lectican 
domain organization. The common domains of the lecticans include two globular domains, G1 and G3, and a 
CS/KS-attachment region (red). The G1 region contains two Link modules (blue) that bind to HA. The G3 
domain contains at least two EGF-like regions (yellow), a carbohydrate recognition domain (CRD; green), and 
a short complement regulatory region (SRC; black). Glycanated aggrecan is the largest of the lecticans, con-
taining up to 120 CS and KS chains, in addition to an Ig-fold sequence (IGD; brown) and a G2 region (orange). 
The four splice variants of versican (V0–V3) contain N- and C-terminal regions that are very homologous with 
aggrecan and differing CS-attachment regions (except for V3) encoded by different exons, which are prefer-
entially spliced depending on the host cell-type. Versican V0 contains the longest core protein of all the lecticans 
and contains up to 20 CS chains. Neurocan, with seven CS chains, and brevican, with three CS chains, differ 
in size and glycanation and do not contain an Ig-domain (IGD). Metalloproteolyic cleavage sites for ADAMTS-
1/4 or MMP-2 (in neurocan only) are represented by the arrows.
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and KS chains are highly sulfated, giving the entire aggrecan molecule a high polyanionic charge, 
which attracts and binds large amounts of water and cations. Seventy percent of the wet weight of 
cartilage is due to water sequestered by the high-density negative charge associated with the sulfate 
and carboxylate groups on the GAGs, giving the tissue a gel-like quality [21]. The viscoelastic 
behavior of the GAGs in aggrecan–HA aggregates is directly responsible for the unique physical 
properties of articular cartilage, which includes compressive resilience during joint loading and load 
distribution over the surface of the tissue.

The aggrecan core protein consists of three disulfi de-bonded globular domains, G1, G2, and G3, 
and a GAG-attachment region, primarily containing CS (Figure 15.1). The N-terminus of the G1 
domain contains the HA-binding regions, which consist of two Link domains of ∼93 amino acids 
with homology to the Link domains found in other hyalectins such as the hyaluronic acid receptor 
for endocytosis (HARE), TSG-6, CD44, and lymphatic vascular endothelial hyaluronan receptor 1 
(LYVE-1) (Chapter 12). Another ECM protein called “Link protein” (due to its function of “linking” 
aggrecan and HA) binds to both HA, with its own Link domain, and the G1 domain of aggrecan 
via an Ig-fold [22]. This trimeric (HA–Link protein–aggrecan) complex creates a stable and 
long-lasting three-dimensional structure that is strong, yet fl exible enough to withstand the high-impact 
physical forces constantly experienced by our joints and tissues. Binding studies using surface plasmon 
resonance show that a fragment of aggrecan comprising G1 and G2 binds HA with a Kd of 226 nM, 
whereas the Link protein binds HA with a Kd of 89 nM, a higher affi nity [23].

The G2 domain shares some structural features with G1, but lacks the ability to bind HA. It is 
heavily substituted with KS chains and N-terminally adjacent to the CS attachment region. Both G1 
and G2 domains inhibit aggrecan monomer secretion until the protein is fully modifi ed and correctly 
folded. On the other hand, the G3 domain is known to promote secretion of the monomer and 
 progression of the protein along the secretory pathway after GAG addition [24]. The region between 
the G1 and G2 domains, the interglobular domain (IGD region), is cleaved by proteolysis during 
normal aggrecan turnover. Conditions in which there is an increased exposure to, or expression of, 
infl ammatory cytokines (e.g., as found in arthritis) promote the degeneration of aggrecan and 
 weakening of the cartilage. The loss of the G2 through G3 portion of aggrecan changes the 
 physicochemical attributes of the HA–aggrecan aggregate structure, which is diffi cult to repair, 
since the G1 domain fragment may remain bound to HA and thus prevent the binding of newly 
 synthesized intact aggrecan monomers with HA [25–27].

The G3 or C-terminal domain of aggrecan contains two EGF-like domains (EGF1 and EGF2), 
a CRD, and a complement regulatory protein B component or short complement repeat (SCR). The 
primary role of the G3 domain is to aid secretion of the aggrecan monomer from chondrocytes after 
protein synthesis and GAG assembly in the ER/Golgi. The G3 domain is essentially a cap that 
 prevents degradation, while the individual subdomains within G3 assist with processing, traffi cking, 
and secretion of the heavily glycosylated core protein [28,29]. The G3 domain in articular cartilage 
is primarily associated with newly synthesized or immature aggrecan, whereas most mature  aggrecan 
core proteins have lost their G3 domains in age-related processes [30].

Assembly of the aggrecan supramolecular structure is a highly ordered process that begins on 
the chondrocyte surface. In humans, HA is made at the cell surface by any of the three  membrane-bound 
HA synthase isozymes (HAS1, 2, or 3) [31–33]. As HA is extruded from the cell surface, newly 
synthesized aggrecan and Link proteins may bind with the HA to form aggregates. The Link protein 
is required for proper alignment and ordering of the aggrecan along the HA [34]. The details for how 
Link protein is secreted and helps assemble these structures are not known. Furthermore, since 
 cartilage is an acellular tissue, special processes are needed to facilitate the assembly of new ECM 
components many cell diameters away from the site of synthesis. One facilitation mechanism is that 
not all immature aggrecan monomers can bind HA, which is advantageous for development, since 
these aggrecan monomers then have time to travel away from the cell (i.e., the site of synthesis) 
before they become anchored to a HA molecule. This delayed incorporation of aggrecan may be the 
result of structural changes in the G1 domain [35,36], or the interaction of the G3 domain with other 
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ECM structural proteins such as fi bulin1/2, tenacin-C and tenacin-R [37]. Unincorporated aggrecan 
has a short half-life, 24 h or less, whereas aggrecan incorporated into HA aggregates has a half-life 
of many years [38]. The immature unassociated aggrecan monomer needs to undergo several 
 physical changes, depending on the environment or it will be degraded. Once aggrecan binds with 
HA and Link protein, the molecule is very stable and can proceed to assemble into supramolecular 
aggregates with other aggrecan and ECM molecules such as biglycan, decorin, fi bulin, and the 
collagens.

15.3 VERSICAN

Human versican is a “versatile” molecule found in the ECM of connective tissues and the ECMs of 
a wide variety of “soft” tissues, including brain, arterial and venous vasculature, epithelia, and 
 mesenchyme. The full-length core protein is the longest of the four lecticans, discussed in this 
 chapter, and is encoded by a gene that extends over 100 kb and includes 15 exons. The core protein 
is organized in a fashion similar to the other lecticans (Figure 15.1) with a HA-binding globular G1 
domain at the N-terminus and two GAG attachment domains, termed GAG-α and GAG-β, in the 
middle region encoded by 3 and 5.3 kb exons, respectively. The C-terminal portion of the protein 
contains two EGF-like domains, a CRD and a complement regulatory region. Alternative splicing of 
versican results in three variants (termed V1, V2, and V3), as well as full-length (V0), that are 
encoded by 3, 9, 6.5, and 12 kb transcripts, respectively. The molecular masses for these variants 
(V0–V3) are 370, 262, 180, and 72 kDa. V1 does not include GAG-α, V2 does not contain GAG-β, 
and V3 lacks both GAG attachment regions and is, therefore, technically not a proteoglycan [19].

Versican is the major proteoglycan in most arteries and veins, where it interacts with HA and 
Link proteins to form stable high molecular mass aggregates that fi ll spaces not occupied by other 
proteins such as collagen and elastin. The interaction of versican with other proteins and HA provide 
the blood vessels with walls that are both fi rm and elastic, thus able to contract or dilate in response 
to blood pressure, temperature changes, etc. In addition to normal turnover, infl ammation and aging 
promote the degradation of versican, a process in which the core protein is cleaved by members of 
the ADAMS-TS metalloproteases family, in addition to matrilysin and plasmin. The loss of versican 
in the blood vessel walls may contribute to a weakening of the overall structure, giving rise to 
 aneurysms and pseudoaneurysms [39,40].

Arterial smooth muscle cells (ASMC) are the primary source of versican in both arteries and 
blood vessels and express the transcripts to produce V0, V1, and V3 [41,42]. Platelet-derived growth 
factor, through the MAP kinase pathway, stimulates an increase in versican core protein  transcription 
and CS chain elongation [43]. Conversely, IL-1β produced by infl ammatory-stimulated macrophages 
decreases versican expression, suggesting that macrophage binding to vasculature lesions may 
 contribute to the versican breakdown associated with this pathology [44]. Versican enriched with 
CS-6 and CS-4 chains is involved in the advanced stages of atherosclerotic lesions. Versican is 
prominent near the edges of necrotic cores and in close proximity to lipoproteins [45]. In vitro 
 binding studies demonstrate that multiple low-density lipoprotein (LDL) particles can bind to single 
CS chains with an affi nity of 23 nM, and an increase in chain length directly correlates with increased 
binding of LDL particles with the same affi nity [18,46]. Treatment of ASMCs with growth factors 
such as EGF and TGF-β also cause elongation of CS chains on versican and may serve as a positive 
feedback stimulus in the early stages of atherogenesis [47,48].

The increased expression of versican V2, a product of oligodendrocytes, occurs in the 
periphery of brain lesions. In vitro cultures of oligodendrocytes indicate that the expressed 
versican acts as a linker between HA and tenascin-R, forming a rudimentary ECM. Axon regen-
eration failure is induced due to this injury response, since versican mediates growth-cone 
collapse and growth  inhibition through its CS chains and core protein sequence [49]. Since all 
of the lecticans, including versican, present in the brain are growth-inhibitory, several methods 
to eliminate versican have been devised in order to promote axon regeneration. These include 
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the use of antiversican antibodies to eliminate versican expressing cells via complement-killing 
in the rat [50] and the infusion of  antimitotic agents to prevent oligodendrocyte recruitment to 
the lesion [51].

15.4 NEUROCAN

The rat brain proteoglycan, neurocan, was identifi ed and characterized using monoclonal 
 antibodies [52]. During embryonic development, neurocan is commonly found as a 250 kDa 
monomer, and then later during maturation, it occurs as two protein isoforms of 130 and 150 kDa 
due to proteolysis at a MMP-2 cleavage site [53]. The N-terminal 130 kDa segment is the major 
 HA-binding component and contains two CS chains, while the C-terminal 150 kDa segment binds 
with other ECM proteins and calcium ions [54]. Expression of neurocan is confi ned to the CNS, 
although it is present in the developing sensory nerves of the optical and olfactory systems in 
lower animals [55,56]. In mature brain, the expression of neurocan is very low, but is markedly 
increased in areas undergoing matrix remodeling. In fact, expression of neurocan may be required 
for remodeling of hippocampal synaptic connections during learning and memory-induced 
changes in synaptic transmissions [57].

Neurocan interacts with other molecules via the core protein, its GAG chains, or both.  Interacting 
partners of neurocan can be classifi ed into three different groups. First, the matrix proteins  tenascin-C 
and tenascin-R are important for ECM aggregation during brain development when neurocan and 
heparin, which enhances the activity, are localized to perineuronal nets (PNNs) [58,59]. Second, 
growth factors associated with mobility such as FGF-2 [60], HB-GAM, and amphoterin [61] interact 
with neurocan and also bind heparin. Binding with amphoterin and HB-GAM is CS-chain dependent 
in contrast to FGF-2, which binds to the core protein. These growth factors support neurite outgrowth 
and extension in the developing brain, whereas neurocan serves as a modulator for these growth  factors. 
Third, neural cell adhesion molecules such as N-CAM, L1/Ng-CAM, and TAG-1/axonin-1 are involved 
with neurite outgrowth and navigation. Binding of these cell adhesion molecules is CS-dependent, 
although there is weak binding to the C-terminal portion of the core protein.

Although neurocan interacts with a wide variety of adhesion, growth, and matrix molecules, the 
neurocan knockout mouse does not exhibit any gross anatomical brain pathologies [62]. Despite 
the involvement of neurocan in modeling of the CNS matrix, the proteoglycan is not required for the 
fi nal outcome of how the brain structure develops. Thus far, the phenotypes of neurocan defi ciency 
have only been observed in mice and give no indication of the possible affects on higher-brain 
 functions such as thought and reasoning. Interestingly, an L1/Ng-CAM defi ciency causes mental 
retardation in humans, but causes no physical or mental manifestation in mice, proving that not all 
animal models refl ect the human condition [63].

15.5 BREVICAN

Expression of brevican or brain-enriched hyaluronan-binding protein (BEHAB) is restricted to the 
brain and is particularly enriched in neuroglial sheaths of velate protoplasmic astrocytes in the 
 cerebellar granular layer [64] and in PNNs of large neurons [65]. In the rat, brevican is expressed at 
high levels in the neuroaxis of the ventricular zones and may be important for the development of 
glial cells. Brevican was fi rst discovered in rats and cats as a partial protein with a molecular mass 
of ∼38 kDa [66]. The full-length 160 kDa core protein is now known to be proteolytically cleaved, 
resulting in two physiologically relevant fragments of 100 and 60 kDa [67].

The ECM of the brain contains cross-linking proteins called the tenascins, which serve not only as 
part of the lattice that supports the neuronal network of the brain, but also as coregulators of  morphogenesis 
and remodeling associated with injury, learning, and growth. Neurocan binds strongly with tenascin-C, 
and both proteins increase in expression during tissue regeneration [68]. On the other hand, brevican 
binds with tenascin-R via its fi bronectin III domain in a CS-independent manner [69]. Tenascin-R, HA, 
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and the lecticans, especially brevican and neurocan, are basic components of the PNNs fi rst described by 
Camillo Golgi and Santiago Ramon y Cajal in the 1890s. Neurons and glial cells secrete the materials that 
compose the PNN, which is a reticular net-like feature covering these cells that forms the organized lattice 
material in the intercellular spaces [65]. The PNN, which is structurally similar in some ways to the 
aggrecan–HA proteoglycan aggregates of cartilage, provides a tougher shield to protect the enclosed 
neurons and glial cells from movement within an otherwise vulnerable soft tissue matrix.

Brevican is a unique marker for glioma, a type of cancer that originates within the glial cells of 
the brain and metastasizes very extensively within the cranial ECM, but does not extend outside the 
CNS boundaries [70]. One of the main features of a high-grade glioma is the presence of an 
 underglycosylated form of brevican (B/b∆g), which migrates at 150 kDa on sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS-PAGE). Other forms of brevican are also present, such as 
a differentially glycosylated form that migrates slightly larger than 160 kDa and the proteolytic 
 by-products of ADAMTS-4-induced cleavage of the native protein [71–73]. These features are not 
present in other neuropathologies such as Alzheimer’s disease, nonglial tumors, or Parkinson’s 
 disease. Like the other lecticans, brevican exerts its inhibitory control on neurite outgrowth and cell 
migration via it CS chains. Brevican (B/b∆g), a likely agent for glioma aggressiveness, may tip the 
balance in the favor of growth and migration of neurons.

15.6 CONCLUSION AND FUTURE DIRECTIONS

Once thought to be ECM components that only hold tissues and organs in place, the lecticans are 
increasing recognized as dynamic molecules that infl uence cell behaviors through effector  protein/GAG 
interactions and signaling pathways. The underlying causes of many intrinsic human diseases, such as 
Alzheimer’s disease and stenosis, can be traced to a “malfunction” of one or more lecticans. The binding 
partners and matrix associations of this class of molecules are fairly well understood. More exciting 
future directions will focus on gene regulation and the development of transgenic mice with reporter 
genes inserted within the promoter regions of versican, brevican, and neurocan. Since little is known 
about the cis or trans regulatory elements of how these genes are turned on or off, the expression of 
reporter genes in conjunction with lectican expression will provide answers to questions such as how 
protein expression corresponds with injury or disease and what regulates that expression. Since the 
versican knockout is lethal in mice, reporter genes in this model and others will aid our understanding 
of gene expression during development, disease, and injury and may ultimately provide targets for gene 
therapeutic interventions.
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16.1 INTRODUCTION

In marine invertebrates, lectins, especially those in the hemolymph, are believed to contribute as 
nonself recognition factors in their defense mechanisms [1,2]. Moreover, there is an increasing 
number of evidence supporting that the marine invertebrate lectins are involved also in various 
endogenous processes such as embryonic developments [3] and biomineralization [4] together with 
self and nonself recognition. Lectins are also thought to be involved in extracellular biological events 
as well. Some lectins of marine invertebrates such as giant clams [5], sponges [6], and tunicates [7] 
are proposed to mediate the interaction between invertebrate hosts and symbiotic bacteria or 
microalgae. Because of the property of lectins that can recognize specifi c surface carbohydrate 
chains, it is feasible to postulate that lectins function as chemical factors in recognition of specifi c 
microorganisms by a host. In fact, an idea that lectins mediate the recognition between legumes and 
nitrogen-fi xing bacteria has been reinforced by recent molecular biological evidence [8]. It is thus 
tempting to assume that lectin-mediated symbioses between marine invertebrate hosts and micro-
organisms are rather general phenomena.

If this assumption was true, lectins may be present in corals, which rely their nutrient supply 
largely on symbionts; that is, photosynthetic dinofl agellate of zooxanthellae (Symbiodinium spp.). 
It has also been reported that surface glycoproteins or glycoconjugates of symbiotic microalgae are 
important when recruitment of the algae by hosts, since glycosidase or lectin treatment of the 
symbiont surface attenuated the rate of symbiont cell acquisition [9–11]. These observations strongly 
suggested the presence of chemical factors that recognize microalgal cells, and lectins seem to be 
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the most plausible candidates. Some strains of Symbiodinium cells in culture transform once a day 
from fl agellated swimming form (motile form) to nonswimming form (coccoid form). Cells divide 
only when they are in the coccoid form. This peculiar cycle called diel cycle is unique to the free 
living cells, and when the cells are harbored in the coral tissue, they are maintained in the coccid 
form [12–14]. Taking advantage of this unique phenomenon, we screened for marine coral extracts 
that regulate the diel cycle and found that d-galactose-binding lectins from the octocoral Sinularia 
lochmodes induces the morphological change of Symbiodinium spp. from the free swimming motile 
form into nonmotile coccoid form without affecting their viability [15]. This fi nding indicated that 
lectins take some part in the chemical communication between coral and symbiotic microalgae, and 
may provide a “chemistry way” of investigating one of the most intriguing biological phenomena in 
shallow tropical sea. In this chapter, we briefl y summarize previous fi ndings regarding coral-derived 
lectins and describe the chemical properties and physiological activity of S. lochmodes lectins to 
Symbiodinium cells and discuss their possible contribution in the establishment of symbiosis between 
hosts and symbiotic microalgae.

16.2 LECTINS IN CORALS: AN OVERVIEW

In spite of increasing amount of studies on the animal lectins, those in corals are limited in both 
number and scope to date. In octocorals, the fi rst example is an d-galactan-binding lectin from the 
gorgonian Eunicella cavolinii [16,17]. E. cavolinii lectin inhibited self-aggregation of the gorgo-
nian cell line and was assumed to control cell–cell interactions as a negative modulator [16]. 
A d-galactose-binding lectin was also isolated from an unidentifi ed Sinularia sp. collected in 
Fiji [18]. The purifi ed lectin, named Sinularian, induced the binding of macrophages to tumor 
cells and also inhibited the cleavage of sea urchin egg irreversibly at the stage of blastula. 
Another species of Okinawan ocotocoral, Lobohphytum variatum, contained mucin type I binding 
lectins. Two lectins isolated (LVL-1 and LVL-2) were glycoproteins composed of subunits having 
a Mr of 53 kDa [19]. Ecological or physiological importance of the lectins was left to be studied.

In hexacorals, isolation of the lectin was fi rst reported from the zoanthid Gerardia savaglia 
[20]. The d-mannose-binding lectin showed plural bioactivity including a mitogenic activity to 
lipopolysaccharide-treated mice spleen lymphocytes, inhibition of the nuclear envelop mRNA 
translocation system of rat liver, and inhibition of human immunodefi ciency virus type I (HIV-1, 
strain HTLV-IIIB) infection on H9 lymphocytes [21]. The lectin also inhibited syncytium formation 
in the HTLV-IIIB/H9-Jurkat cell system and the inhibition was abolished in the presence of d-mannose. 
However, the role of Gerardia lectin in the lectin-producing animal has not been reported.

16.3  SLL-2, A LECTIN FROM THE OCTOCORAL SINULARIA 
LOCHMODES: A PUTATIVE CHEMICAL FACTOR IN 
THE CORAL–ZOOXANTHELLAE SYMBIOSIS

16.3.1 ISOLATION AND CHEMICAL PROPERTIES OF S. LOCHMODES LECTIN, SLL-2

During the screening for the lectins in corals, we found that the octocoral S. lochmodes of Okinawan 
waters possessed the lectin with a binding specifi city to d-galactose and related carbohydrates. The 
major lectin, SLL-2, was isolated by affi nity chromatography on the acid-treated Sepharose 4B gels 
and gel fi ltration [22]. The color of the collected octocorals or their extract rapidly turned black and 
the purifi ed lectin preparation was also brownish in color, suggesting the melanization of lectin 
molecule or the formation of melanin–lectin complex. The “blackening” or “melanization” is 
frequently accompanied by insolubilization of the extract. Additions of kojic acid, a tyrosinase 
inhibitor, and l-ascorbic acid, an antioxidant, to the extract was effective in preventing the 
blackening of the extract and insolubilization. A combination of affi nity chromatography using 
d-galactosamine-bound HiTrap column and gel fi ltration improved the yield of SLL-2 up to 30 mg 
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from a 100 g of raw specimen, as much as three times higher than the purifi cation procedure without 
the tyrosinase inhibitor and the antioxidant [23].

To examine the sugar-binding properties, frontal affi nity chromatography of SLL-2 using 135 
different carbohydrates was carried out by Dr. S. Nakamura at the National Institute of Advanced 
Industrial Science and Technology, Japan, to whom we are indebted for the analysis. SLL-2 was 
found to bind specifi cally to carbohydrate constituents derived from glycolipids but not from N-liked 
carbohydrates: that is, SLL-2 showed high affinity to Forssman antigen and certain kinds of 
carbohydrate having a Galα1–3Gal structure. This is of our particular interest since some 
glycosphingolipids, having carbohydrate moiety similar to Forssman antigen, were known to 
construct a microdomain on cell surface and concerned in cell surface signal transduction such 
as kinase activation [24,25], leaving a possibility that SLL-2 recognizes some signaling-related 
carbohydrate chains on the zooxanthella cell surface.

16.3.2 CLONING OF CDNA-ENCODING SLL-2

In sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), SLL-2 gave a single 
protein band at a Mr of 16.5 kDa with or without a reducing reagent, while the molecular weight 
of intact SLL-2 was estimated to be 122 kDa by gel fi ltration [22]. In 2D-PAGE, however, the 
component of 16.5 kDa was further separated into nine spots with pI values ranging from 3 to 5, 
indicating the heterogeneity of SLL-2 subunits. In cloning of SLL-2 cDNA based on the amino 
acid sequence of amino-terminal regions, three closely related cDNA named SLL-2a, b, and c (98 
amino acids residues each) were obtained. The deduced amino acid sequences showed more than 
78% identity to each other. Together with the hypothetical proteins encoded by an open reading 
frame of ATP synthase operon in Rhodobacter capsulatus and others, SLL-2 had 33% similarity 
to the C-terminal region of discoidin I, a d-galactose-binding lectin from slime mold Dictyos-
telium discoideum [26] expressed in a developmentally regulated manner [27]. Recently, an 
antimicrobial snail lectin HPA from Helix pomata was reported to show 23–25% identity 
(depending on different SLL-2 subunits) to SLL-2 [28].

16.3.3 LOCALIZATION OF SLL-2 IN S. LOCHMODES

The immunohistochemical localization of SLL-2 in the coral tissue was investigated using 
polyclonal anti-SLL-2 antibody (polyclonal IgG) raised in rabbit. On the cross-section of a coral 
polyp, numerous Symbiodinium cells in their coccoid form were observed in the internal mesenteries 
(Figure 16.1). On the immunostained section treated with the antibody, SLL-2 immunoreactivity 
was distributed in whole tissue of the coral, including mesogloea, and densely on the interfacial 
area of the symbionts but not within the algal cells (Figure 16.1B). At the level of transmission 
electron microscopy, above results were confi rmed; particles of antibody-conjugated colloidal gold 
(indicated by black dots in Figure 16.2) distributed within the host cell but most densely on the cell 
wall surface of the Symbiodinium cell. Some dense labeling was also observed within the secretory 
granules of the host cell (Figure 16.2B) and the nematocyte (Figure 16.2C).

16.3.4 ACTIVITY OF SLL-2: IN-CULTURE EXPERIMENT AGAINST SYMBIODINIUM

As mentioned, cultured (free living) Symbiodinium cells are in a diel cycle, in that cell transforms its 
shape once a day. This morphological change was of our particular interest since the algae main-
tained its coccoid form entirely in its host. We thus constructed a model system using three strains 
of culturable Symbiodinium spp. P083-2, JCUCS-1, and CS-156, since the symbiont from S. lochmodes 
was not culturable. Note that these strains belong to different clades, namely A, B, and F, respec-
tively according to recent classifi cation of Symbiodinium spp. based on several loci of rRNA gene 
[29,30]. Among these strains we considered, CS-156 would be the most  representative strain for 
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FIGURE 16.1 Light micrographs of a cross-section of Sinularia lochmodes polyp. (A) Close-up of a tentacle 
counterstained with toluidine-blue. Numerous Symbiodinium cells are present (arrows). (B) Same fi eld to the 
left micrograph but stained with anti-SLL-2 IgG (rabbit-poly) and labeled with secondary IgG (antirabbit goat) 
conjugated with colloidal gold and then followed by silver enhancement. Silver-enhanced area distributes to 
the whole host tissue and on the surface of the Symbiodinium cells. G: gastrodermis; Ph: pharynx.

FIGURE 16.2 Transmission electron micrographs of Sinularia lochmodes reacted with anti-SLL-2 IgG, and 
labeled with secondary antibody (antirabbit goat IgG) conjugated with colloidal gold (15 nm). (A) A section 
showing a Symbiodinium cell (Sy) and a host cell. Particles of the colloidal gold distribute densely on the 
surface of Symbiodinium cell wall (CW) and sparsely within the host cytoplasm. (B) The particles seem to 
localize to secretory granules of the host cell (white arrows). (C) Internal fl uid of nematocyte is also densely 
labeled. HN: host nuclei; Ne: nematocysts.
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SLL-2 interaction that can occur in S. lochmodes, since S. lochmodes harbors mainly clade C [22], 
which is a sister taxon of clade F.

The assay was performed by adding test compound to the acclimated culture of each strain. 
Cells were in synchronized regular diel alternation between motile and nonmotile (coccoid) forms, 
and more than 70% of the cells were in the motile form at the point of sample addition (9–10 am). 
The cells aggregated to form clump within 1 h after the addition of SLL-2 (100 µg/mL) and then 
started to transform into stationary coccoid form within 3 days (Figure 16.3). Most of cells were 
arrested at the coccoid form for the whole experimental period of 1 week, but cells seemed to be 
healthy with regard to their cell division rate. At the lower concentration (10 µg/mL), differential 
effect of SLL-2 to strains emerged. At these concentrations (10 or 100 µg/mL), the growth of CS-156 
and JCUCS-1 was not affected, whereas that of P083-2 gradually became inhibited, even at the 
lower concentration tested [15].

The effects of SLL-2 on the Symbiodinium culture should be mediated by binding of the lectin 
to some carbohydrate moiety of the cell surface since addition of 0.2 M melibiose, the most effective 
inhibitor of the hemagglutination activity of SLL-2 [22], to the culture media completely inhibited 
its effect. Of note, other d-galactose-binding lectin such as Arachis hypogaea (peanut) lectin did not 
show any activity even at higher concentrations (∼300 µg/mL) [15].

When the effects of SLL-2 on nonsymbiotic dinofl agellates were tested, cultures of Gymnodinium 
catenatum and Prorocentrum micans resulted in death after the cells infl ated and burst within 24 h 
at 100 µg/mL. A chlorophyte, Tetraselmis sp., aggregated and formed cell clumps with complete 
loss of cell motility and signifi cant inhibition of growth. Immunostaining of the SLL-2-treated 
microalgae using the anti-SLL-2 antibody indicate that the lectin localized on the microalgal cell 
surface (Figure 16.4) [15].

16.4 CONCLUSION AND FUTURE DIRECTIONS

Symbioses between macro- and microorganisms provide in general a metabolic diversity to the 
hosts, and microorganisms gain stable inhabitant in return. In oligotrophic tropical and subtropical 
milieu, symbiotic associations between photosynthetic zooxanthellae (Symbiodinium spp.) and 
invertebrates such as corals are crucial for the survival of host animals since they depend mainly on 
photosynthetic products translocated from Symbiodinium spp. In the case of corals, however, the 
evacuation of Symbiodinium from hosts, known as “coral bleaching,” often resulting in the death of 
host animals, has become serious problem in tropical region. Causes of this phenomenon are largely 
unknown but there is clearly an unequal rate between acquisition and evacuation of the algae. At 
present, the host animals are postulated to acquire Symbiodinium either by vertical transmission 

FIGURE 16.3 Video-captured images of Symbiodinium (strain CS-156) after SLL-2 treatment. Actively swim-
ming cells in the control experiment (without SLL-2), showing characteristic motile cell form (left). Cells with 
SLL-2 treatment (day 3, 100 mg/ml) showing only coccoid-form cells and some dividing cells are present (right).

50 �m 10 �m
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(acquisition from the mother) or by horizontal transmission (acquisition from the environment 
by either larval or adult stages) [31]. In the latter case, the animals are supposed to acquire 
Symbiodinium cells suited to the environment where they have settled. For the initial acquisition 
or infection of Symbiodinium, two main mechanisms have been suggested: Chemotactic attraction 
of free swimming motile Symbiodinium cells to the host’s mouth and gastric cavity [32,33] and 
the capturing Symbiodinium cells while feeding [33,34]. Symbiodinium spp. must be selected, 
regardless of the mechanisms for acquisition, from nonsymbiotic microalgae at some point by 
the host animals. Several papers have published on the mechanism of selective acquisition of the 
algae [11,35–40].

On the basis of observation in our model, following scenario can be proposed for the early event 
of symbiosis: Planktonic microalgae introduced to the gastric cavity of the coral are subject to 
chemical selection due to their differential responses to lectins; that is, the lectins induce nonsymbi-
otic algae to burst helping digestion. On the other hand, the lectins turn physiology of Symbiodinium 
into the mode that may be favorable to the symbiosis between the algae and the coral. Our observa-
tion of the discrete effects of SLL-2 on different types of microalgae suggests that further selection 
may occur among the different clades of Symbiodinium. Actually, in gorgonians, infection by several 
clades of Symbiodinium occur at the onset of symbiosis, however, the population eventually converge 
into certain clade of microalgae [36].

Recently, Wood-Charlson et al. [41] reported that at the onset of symbiosis between Fungia 
scutaria larvae and their endosymbiotic dinoflagellate algae, the recognition of algal cell 
surface was key to successful infection. They identifi ed α-mannose/α-glucose and α-galactose 
residues as potential recognition ligands on the algal cell surface. Thus they postulated that 
lectins/glycans could be concerned deeply with the infection of Symbiodinium in the hexacoral 
Fungia scutaria. In our survey for the lectins of scleractian coral that is capable of inducing the 
morphological change of Symbiodinium cells, we have found a calcium-dependent d-galactose-
binding lectin in F. echinata. The lectin transformed the swimming cells of the Symbiodinium 
strain of Fungia origin to the coccoid forms. These results suggested that the regulation of 
Symbiodinium morphology is common among coral lectins. Details of Fungia lectin will be 
published elsewhere.

10 µm 10 µm 10 µm

(B) (C)(A)

FIGURE 16.4 (See color insert following blank page 170. Also see CD for color fi gure.) Fluorescent 
micrographs of immunostained cells at day 6 after treatment of SLL-2 (100 µg/mL). Binding of anti-SLL-2 anti-
body is shown by green fl uorescence come from FITC-secondary antibody. Red fl uorescence indicates the 
presence of chlorophyll a in the plastids. (A) CS-156; (B) destroyed cell of Gymnodinium catenatum with 
stained debris and (C) burst cell of Prorocentrum micans also with stained debris. (Modifi ed from Koike et al., 
Biol. Bull., 207, 80, 2004. With permission.)
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Investigation of the physiological and ecological aspects of these symbioses especially focused 
on the chemical compounds, which select and maintain the symbiotic dinofl agellates, might allow 
us to better understand the environmental and ecological problems such as coral bleaching, which is 
triggered by the evacuation of Symbiodinium cells from the host.
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17.1 INTRODUCTION

The siglecs (sialic acid–binding Ig-type lectins) belong to the Ig superfamily and form the main 
subpopulation of the Ig-type (I-type) lectins. They are type 1 membrane proteins, characterized by 
an amino-terminal V-set Ig domain, containing the sialic acid–binding site, followed by various 
numbers of C2-set Ig domains. Siglecs can be further subdivided into two subsets, the evolutionary 
conserved, but distantly related (~25%–30% sequence identity) group containing sialoadhesin (Sn, 
CD169, Siglec-1), CD22 (Siglec-2), and myelin-associated glycoprotein (MAG, Siglec-4) (Figure 
17.1A), and the rapidly evolving group of CD33-related siglecs that share high sequence similarity 
(50%–99% sequence identity) (Figure 17.1B). Sn, CD22, and MAG have been found in all mam-
mals so far examined and MAG additionally in birds [1] and fi sh [2]. In contrast, the repertoire of 
CD33-related siglecs varies considerably between species, with nine known in humans and only fi ve 
in mice (Figure 17.1).

With the exception of MAG and Siglec-6, siglecs are primarily expressed by cells of the 
hematopoietic system (Figure 17.1). While some have a very restricted expression pattern, others are 
more widely expressed. For example, Sn is mainly expressed by macrophages, CD22 by B cells, 
Siglec-8 by eosinophils, and Siglec-7 by natural killer (NK) cells whereas Siglec-9 can be found on 
neutrophils, monocytes, dendritic cells, and NK cells. Since they also vary in their preference for 
sialylated ligands, each siglec probably has a distinct function. Most CD33-related siglecs and CD22 
are inhibitory signaling receptors, having one or more immunoreceptor tyrosine-based motifs 
(ITIMs) in their cytoplasmic tails, whereas Sn seems to be involved in cell–cell interactions. This 
chapter will focus mainly on Sn and the CD33-related siglecs, while CD22 and MAG are discussed 
in more detail in Chapters 19 and 14, respectively.
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17.2 SIGLEC NOMENCLATURE

Given the complexity of siglec repertoires across species, it has been important to develop a universally 
accepted nomenclature [3]. The original siglecs, Sn, CD22, CD33, and MAG, were designated 
Siglecs-1, -2, -3, and -4, respectively, but are usually described by their original names. Additional 
siglecs were named in the order of their discovery. Roman numerals are used for siglec-like sequences 
with arginine mutations resulting in loss of their sialic acid–binding ability. Given the uncertainty over 
the orthologous relationships between human and mouse CD33-related siglecs, the murine proteins 
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FIGURE 17.1 (See color insert following blank page 170. Also see CD for color fi gure.) Schematic 
presentation of Siglecs, their expression and function. Shown are the two subgroups of Siglecs, (A) Siaload-
hesin, CD22, and MAG; and (B) the CD33-related siglecs. Each box represents one Ig-domain, but note that 
10 domains have been merged for Sn. Signaling motifs in the cytoplasmic tail are depicted by colored areas. 
Expression patterns of various siglecs on hematopoietic cells are given below. The cellular expression pattern 
for Siglec-14 is not determined, MAG is only expressed by glial cells and Siglec-6 is primarily expressed in 
the placenta. (B) The lower panel summarizes the effects of siglecs on various cellular functions. The arrows 
indicate an (↑) enhancing or (↓) reducing effect of antibody cross-linked siglecs on cellular functions and 
siglec involvement in endocytosis is shown as (+).
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were assigned a letter suffi x (E–H) (Figure 17.1) [3,4]. A prefi x can be used to distinguish species, for 
example, between human (h) and mouse (m).

17.3 SIGLECS AND THEIR SIALYLATED LIGANDS

By defi nition, all siglecs have in common the ability to bind sialic acids, a family of acidic amino 
sugars, with N-acetylneuraminic acid (Neu5Ac), N-glycolylneuraminic acid (Neu5Gc), and 9(7)-
O-acetylated Neu5Ac being predominant in mammals [5]. Sialic acids are usually found at the 
terminal, nonreducing ends of oligosaccharide chains, in α2–3, α2–6, and α2–8 linkages on glycans 
of both glycolipids and glycoproteins. Similarly to many lectins, siglecs bind to sialylated oligosac-
ccharides with a rather low affi nity (Kd = 0.1–3 mM) and therefore depend on multivalent clustering 
for high-avidity binding. Each siglec has its own unique binding profi le that varies not only in prefer-
ence for linkage or sialic acid modifi cation, but also in selectivity. Although sialic acid is the primary 
binding determinant, underlying glycans can contribute to individual siglec binding [6]. While hCD22 
has a very strong preference for Neu5Ac(Gc)2-6Gal generated by the ST6GalI sialyltransferase, other 
siglecs, like mSiglec-E, bind to a wide variety of oligosaccharides, including Neu5Ac2-6Gal1-4Gl-
cNAc, Neu5Gc2-6Gal1-4GlcNAc, Neu5Ac2-3Gal1-4GlcNAc, Neu5Ac2-8NeuAc2-3Gal1-4GlcNAc, 
Neu5Ac2-6Gal[6S]1-4GlcNAc(Fuc), and Neu5Ac2-6Gal1-4GlcNAc[6S](Fuc). Identifi cation of the 
sugar ligands of various siglecs has advanced rapidly due to the development of glycan microarrays. 
hSiglecs-8, -9 and mSiglec-F, for example, were unexpectedly found to prefer specifi c types of sulfated 
sugars, but still had an absolute requirement for sialic acid [7–9].

Molecular insights into the interactions between siglecs and their ligands have been provided by 
siglec crystal structures, fi rst of Sn in complex with 3¢ sialyllactose [10] and more recently of Siglec-7 
in the absence and presence of various sialylated sugars, including α2–8 disialylated GT1b oligo-
saccharide [6,11]. All siglecs have a conserved arginine residue on the F β-strand of the V-set Ig 
domain that anchors the carboxyl group of the terminal sialic acid inside the binding pocket [6,10,12]. 
Mutation of this residue has been shown to result in loss of binding of most siglecs. Although the 
V-set domain of Sn and Siglec-7 share a very similar fold and structural template for sialic acid 
recognition, there are also clear differences. The C–C¢ loop in particular appears to be important in 
determining the fi ne ligand specifi city of siglecs, and together with the C¢–D loop, undergoes a 
major conformational change upon ligand binding [6].

For lectins, the combination of oligosaccharide ligands presented on a protein or lipid carrier is 
defi ned as a “counterreceptor” [13]. The membrane mucins CD43, PSGL-1, and MUC-1 [14,15] 
have been described as counterreceptors for Sn. CD22 has been shown to bind to itself, IgM, CD45, 
and members of the Ly-6 family [16–19], but the biological relavance of these interactions remains 
to be shown. The CD33-related siglecs are less well investigated in this respect. Siglec-7 expressed 
on NK cells can bind b-series gangliosides on target cells [6,20], while for Siglec-8 some 6¢-sulfo-
sLex presenting polypeptides like GlyCAM-1 have been suggested [7]. However, it remains to be 
seen whether siglec counterreceptors are important in mediating the biological function of siglecs or 
whether simply the overall density and presentation of appropriate sialylated ligands, irrespective of 
their carriers, are important.

17.4 CIS- AND TRANS-LIGANDS

The glycocalyx of cells is usually rich in sialic acids. Consequently, ligands for siglecs are not only 
presented on opposing cells (in trans), but also on the same cell surface (in cis), the latter resulting 
in masking of siglecs [21]. Sn appears to be an exception to the rule; due to its extended structure, it 
is thought to protrude from the cell surface, minimizing possible cis-interactions. To detect sugar-
binding activity of siglecs on cell surfaces, using, for example, synthetic sialylated probes, cells 
usually need to be desialylated. However, it has been shown for CD22 that synthetic high-affi nity 
sialosides can outcompete cis-interactions [22] and that CD22 is able to engage in trans-interactions 
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without unmasking fi rst [23], demonstrating that cis-ligands downregulate, but do not preclude, 
binding of ligands in trans. Recent results indicate that cis-interactions of CD22 are mainly homo-
typic in nature, allowing the formation of homomultimeric complexes on the B cell surface [19].

The biological signifi cance of cis- versus trans-interactions has been investigated for two siglecs, 
Siglec-7 and CD22. Siglec-7 is expressed on NK cells [24] and preferentially binds to α2,8-
disialylated ligands [25]. In cytotoxicity assays, expression of Siglec-7 ligands on target cells (in 
trans) slightly reduced killing and this became more pronounced after removal of cis-interactions on 
NK cells by desialylation [20]. Similar for CD22, B cell activation was reduced when the cell dis-
playing the antigen also expressed α2,6-linked sialic acids [26]. In contrast, B cells from ST6Gal-I-
defi cient mice do not express any cis-ligands for CD22 and have a hypoactive phenotype [27]. While 
trans-interactions recruit the inhibitory siglecs to the site of contact, resulting in dampened signal-
ing, cis-interactions tether them away, allowing strong signaling despite the expression of inhibitory 
receptors. To what extent cis-interaction of siglecs are regulated remains to be shown, but there is 
some evidence that siglecs can become unmasked following cellular activation [21] and striking 
changes in expression of glycosyltransferases are well-known to occur during differentiation and 
activation of leukocytes.

17.5 SIALOADHESIN

Sn was fi rst discovered as a sheep erythrocyte receptor on macrophages and was the fi rst siglec to be 
characterized as a sialic acid–binding lectin [28]. In certain respects, it is an atypical siglec. It is by 
far the largest member of the siglec family with 17 Ig domains [29] and unlike most CD33-related 
siglecs and CD22, it lacks tyrosine-based signaling motifs in its cytoplasmic tail [30]. Although the 
protein is very well conserved between mammals (69%–78% between human, mouse, and pig) the 
amino acid identity of the cytoplasmic tail is low [4,31,32]. These characteristics argue for an adhe-
sive, rather than signaling function.

Sn expression is restricted to subsets of resident and some infl ammatory macrophages. In mice, 
the strongest expression can be found on metallophilic macrophages in spleen, supcapsular sinus, 
and medullary macrophages in lymph nodes, as well as on the majority of resident bone marrow 
macrophages. Alveolar macrophages, red pulp macrophages in spleen, and Kupffer cells express Sn 
at lower levels [33,34]. Under infl ammatory conditions, infi ltrating macrophages were often found 
to express Sn, as for example in experimental autoimmune uveoretinitis (EAU) [35], glomerulone-
phritis [36], rheumatoid arthritis [32], breast cancer [15], inherited demyelination [37,38], and in a 
graft versus leukemia model [39]. It has also been reported that Sn can be expressed by blood mono-
cytes in HIV-infected patients [40] and by monocyte-derived dendritic cells cocultured with human 
rhinovirus [41]. Although Sn is a nonphagocytic receptor, it can facilitate macrophage uptake of 
sialylated Neisseria meningitidis strains in vitro [42] and mediate endocytic uptake of the porcine 
reproductive and respiratory syndrome virus (PRRSV) [31,43]. However, pig Sn has a potential 
internalization motif in its cytoplasmic tail that is absent in humans and mice [31]. It remains to be 
investigated whether the uptake of sialylated particles by Sn is relevant in vivo.

As mentioned above, CD43, PSGL-1, and MUC-1 [14,15] have been described as potential 
sialic acid–dependent counterreceptors for Sn on leukocytes and tumor cells. Additionally, other 
lectins were found to bind to Sn in a sialic acid–independent manner, like the mouse macrophage 
galactose-type C-type lectin 1 [44] and the cysteine-rich domain of the mannose receptor [45]. 
In vivo, Sn has been found in contact zones of macrophages and developing granulocytes in bone 
marrow [46], but so far no defect in granulocyte development in Sn-/- mice has been seen [47]. 
Under resting conditions, Sn-/- mice show only subtle alterations in the hematopoietic system, but 
the absence of Sn resulted in a delayed disease onset in a model of EAU, which was consistent 
with a reduced antigen-dependent proliferation of T cells from the draining lymph nodes [48]. 
Even more striking was the benefi cial effect of Sn defi ciency in two independent, genetically 
determined, demyelination models similar to inherited neuropathy [37] and multiple sclerosis in 
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humans [38]. Both macrophage and CD8+ T cell infi ltration were reduced in the absence of Sn, 
resulting in attenuated myelin degeneration and improved nerve conduction properties. In all 
three systems, macrophages in concert with T cells contribute to the disease progression, with 
EAU being CD4+ T cell-mediated as opposed to the demyelination models which are CD8+ T cell-
mediated. In conclusion, the studies of Sn-defi cient mice have revealed that Sn is important in 
promoting T cell-dependent autoimmune infl ammatory responses, but the mechanisms remain 
elusive at this stage.

There is, however, contradictory evidence that Sn might fulfi ll inhibitory roles under certain 
circumstances. Coculture of dendritic cells (DCs) with human rhinovirus 14 (HRV), the causative 
agent of the common cold, induced expression of the inhibitory receptor B7-H1 (PD-L1), and 
Sn [41]. T cells, when cocultured with these DCs became anergic, a process that was partially overcome 
by Sn-blocking antibodies. Since HRV-stimulated DCs bound directly to T cells, it is possible that 
Sn interferes with synapse formation and T cell activation when expressed on DCs. Sn might fulfi ll 
different tasks, when expressed on macrophages, like affecting migration or phagocytosis. It is also 
possible that macrophage–T cell interactions are infl uenced by Sn, resulting in promotion of T cell 
activation under certain circumstances [49].

17.6 CD33-RELATED SIGLECS

The CD33-related siglecs share high sequence similarity and most are encoded within a gene cluster 
on chromosome 19 in humans and chromosome 7 in mice [4]. This region also contains many other 
members of the Ig superfamily expressed by leukocytes and is known as the leukocyte receptor 
complex [50]. CD33 was the fi rst siglec of this group to be discovered, leading to the name CD33-
related siglecs. This siglec subgroup has undergone rapid evolution, especially in primates, involving 
gene deletion or duplication, pseudogenization, exon shuffl ing or loss, and specifi c amino acid 
changes [4], resulting in extensive species differences. Most human and mouse CD33-related siglecs 
contain two cytoplasmic tyrosine-based motifs, a membrane proximal ITIM (S/I/V/LxYxxI/V/L) 
and a membrane distal ITIM-like motif (E/DYxEV/IR/K), and function as inhibitory receptors 
[51–55]. The exceptions are hSiglec-14 (no tyrosine-based motif), mCD33 (only an ITIM-like 
motif), and mSiglec-H (no tyrosine-based motif) (Figure 17.1B).

Typically, ligand engagement of inhibitory receptors results in tyrosine phosphorylation of 
the ITIM by Src family tyrosine kinases and recruitment of Src homology 2 (SH2)-domain 
containing phosphatases (SHPs), such as SHP-1 and SHP-2. SHP recruitment can result in decreased 
tyrosine phosphorylation of relevant substrate in the vicinity and regulate cellular activation 
[56]. Mutagenesis studies of CD33-related siglecs have shown that the membrane-proximal 
ITIM is both necessary and suffi cient to recruit both SHP-1 and SHP-2. The membrane distal 
ITIM-like motif, however, is necessary for optimal binding of SHP-1, but is not required for 
SHP-2 recruitment [51–55,57]. For Siglec-5, Siglec-7, and Siglec-9, it was also shown that the 
membrane-proximal ITIM is dominant in mediating the inhibitory signal [51,55]. The membrane-
distal ITIM-like motifs in some siglecs (TEYSEI/VK/R, e.g., in CD33, Siglec-5, -6, and -9) is 
similar to the tyrosine-based motif in SLAM-related receptors, which is recognized by the SH2 
domain adaptors SAP and EAT2. Recent data suggest, however, that these adaptors require the 
consensus sequence TIYxxV/I [58] and there is currently no evidence that they interact with 
CD33-related siglecs.

Interestingly, mutation of the tyrosine within the membrane-proximal ITIM also increased sialic 
acid–dependent binding of CD33, Siglec-5, -7, and -9 [51,55,57]. Suppression of adhesion by the 
intact ITIM appeared to be SHP-2 dependent, because binding activity correlated inversely with the 
ability to recruit SHP-2, and cotransfection of catalytically inactive, dominant-negative SHP-2 
mutants with wt Siglec-5 led to increased binding [55]. SHP-2 has been implicated in actin reorga-
nization [59] and it is therefore plausible that SHP-2 recruitment could negatively regulate siglec 
clustering required for effi cient ligand binding.
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Recently, it has been shown that suppressor of cytokine signaling 3 (SOCS 3) and SHP-1/2 share 
a similar ligand-binding specifi city and that it binds to the phosphorylated ITIM of CD33 [60] and 
Siglec-7 [61]. Following binding, SOCS 3 recruits a complex that acts as an E3 ligase and targets 
both the siglec and SOCS 3 itself for proteasomal degradation. Furthermore, Orr et al. could show 
that SOCS 3 blocked the inhibitory effect of hCD33 and Siglec-7 on cytokine-induced proliferation 
[60,61]. SOCS 3 seems to counteract hCD33 and Siglec-7 signaling in two ways, by competing with 
SHP-1/2 for binding sites and by degradation. SOCS proteins are negative regulators of cytokine 
signaling by inhibiting the JAK/STAT signal transduction pathway. Their basal levels are low, but 
they become induced by various cytokines and hormones in a wide variety of cells [62]. SOCS 3 has 
been associated with infl ammatory diseases like infl ammatory bowel disease, Crohn’s disease, and 
rheumatoid arthritis and selective ablation of SOCS 3 in macrophages resulted in hyperactivation of 
STAT3 following IL-6 activation [63]. To date, too little it known about siglecs as well as SOCS 3 
to predict the consequences of their interplay in vivo.

Finally, there is growing evidence that ITIM-bearing siglecs are internalized by endocytosis and 
that the tyrosine residues are crucial for this [64–68]. The consensus sequence YxxΦ (where Φ 
stands for amino acid with bulky hydrophobic side chain) required for interaction with the adaptor 
protein AP-2 is in accordance with the ITIM consensus sequence [69]. For siglecs, as with other 
inhibitory receptors, the degree of tyrosine phosphorylation is likely to be the critical factor in regu-
lating which function predominates, as endocytosis might dominate in the absence of phosphoryla-
tion whereas high-level recruitment of SH2 domain-containing effectors like SHP-1, SHP-2, and 
SOCS 3 depend on tyrosine phosphorylation.

17.7 FUNCTIONS OF CD33-RELATED SIGLECS

CD33-related siglecs are expressed by cells of the hematopoietic system [24,29,64,70–75] with the 
exception of Siglec-6 (OB-BP1), which was found to be strongly expressed by cyto- and syncy-
tiotropoblasts in the placenta [76]. Although it is diffi cult to assign direct orthologs between human 
and mouse, the CD33-related siglecs cover the same range of cells, with at least one or more being 
expressed on neutrophils, eosinophils, monocytes, B cells, macrophages, DCs, and pDCs (Figure 
17.1). Resting T cells usually do not express any siglecs in mouse and humans, but do in chimpan-
zees and it has been argued that this may to some extent explain differing reactivities of T cells 
between great apes and humans [77]. Some progress has been made in understanding the biological 
function of these inhibitory receptors, but there are still more questions than answers. CD33 has long 
been of interest to hematologists, because of its expression on committed myeloid progenitors and 
absence from hematopoietic stem cells. It is also expressed on most acute myeloid leukemias (AML) 
cells and has been exploited as a target for antibody-based therapy via Myelotarg, a humanized anti-
CD33 antibody coupled to the toxin calicheamicin-γ1. Although cross-linking of hCD33 has been 
shown to inhibit proliferation and induce apoptosis of AML cells [78] (Figure 17.1B), the benefi cial 
effect of Mylotarg is thought to depend on endocytic uptake of the antibody and release of the toxin 
to induce apoptosis [79]. More recently, other siglecs have been found on AML cells, with Siglec-9 
being the most strongly expressed, both in terms of percentage and expression levels [65,68]. Since 
endocytosis upon antibody binding appears to be a common feature of CD33-related siglecs, targeting 
multiple siglecs for AML treatment might be a promising avenue.

Siglec-8 and -9 have both been implicated in mediating apoptosis in eosinophils and neutrophils 
(Figure 17.1B), respectively, upon antibody cross-linking [80–82]. They do not contain any death 
domains, but rather seem to mediate apoptosis via formation of reactive oxygen species (ROS), 
which trigger mitochondrial release of proapoptotic proteins, such as cytochrome C [83]. Surpris-
ingly, in both cases the siglec-mediated death was enhanced in the presence of normally antiapop-
totic cytokines, including IL-5 and GM-CSF for eosinophils [82] and GM-CSF and interferons for 
neutrophils [80]. Von Gunten et al. hypothesize that siglec-mediated cell death might play a role in 
resolving an infl ammatory response or that siglec ligands might be expressed at high levels in some 
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organs like the brain to maintain an immune privileged environment [83]. The same authors have 
also shown that human intravenous immunoglobulin (IVIg) preparations, used in autoimmune dis-
ease treatment, contain anti-Siglec-9 autoantibodies, which can cause neutrophil death [84]. Whether 
these contribute to the benefi cial or occasionally adverse effects observed during IVIg treatment 
requires more investigation.

Despite the differences in CD33-related siglecs in humans and mice, knockout mice will be 
important tools for studying siglec function. CD33-defi cient mice were reported to have little phe-
notype [85], but mCD33 is unusual in lacking the membrane proximal ITIM [85] and being expressed 
on neutrophils in mice rather than on monocytes in humans. mSiglec-E is the likely ortholog of 
Siglec-9 expressed on myeloid cells and mSiglec-G is the ortholog of hSiglec-10 expressed by B cells. 
Analysis of Siglec-E- and -G-defi cient mice is likely to reveal the regulatory roles of CD33-related 
siglecs expressed by these cell types. Similarly, Siglec-F-defi cient mice are expected to provide 
insights into the functions of Siglec-8 on eosinophils, since these two siglecs appear to be functionally 
convergent paralogs [7].

17.8 SIGLEC-H AND OTHER DAP12-ASSOCIATED SIGLECS

The CD33-related Siglec-H is expressed on mouse plasmacytoid dendritic cells (pDC), a cell type 
associated with high secretion of type I interferons upon viral stimulation [86,87]. Although 
mSiglec-H has all the characteristic features of siglecs, including the arginine essential for sialic 
acid recognition, glycan binding could not be demonstrated for Siglec-H and interestingly, the crucial 
arginine residue is mutated in the rat ortholog. It therefore remains to be proven whether Siglec-H is 
strictly speaking a siglec or whether it has other, as yet uncharacterized, ligands. Siglec-H also lacks 
tyrosine-based signaling motifs in the cytoplasmic tail. Instead, it associates with the adaptor protein 
DAP12 via a charged lysine residue in its transmembrane region. Experiments with DAP12-
defi cient mice have shown that Siglec-H surface expression relies on the presence of DAP12 [87]. 
DAP12 is an activating molecule that contains cytoplasmic immunoreceptor tyrosine-based activa-
tion motifs (ITAMs). It is therefore surprising that antibody cross-linking of Siglec-H on pDCs 
inhibited IFN-α secretion in response to TLR9 stimulation [87,88]. Siglec-H also mediated endocy-
tosis and cross-presentation of antigens [86] and might be involved in internalization and presenta-
tion of pathogens to endosomal TLR7 and 9 [88].

Certain other siglecs also carry a positively charged amino acid in their transmembrane region 
and associate with DAP12, namely chimpanzee Siglec-13 [87] and the newly discovered human 
Siglec-14 [75]. Siglec-14 is unique in that its fi rst two domains are virtually identical to Siglec-5, 
while there is no similarity in the third domain and beyond. Since the mRNA expression patterns of 
Siglec-5 and Siglec-14 in tissues are very similar, this might be the fi rst example for paired activating 
and inhibitory receptors within the siglec family, a feature that is commonly seen, however, within 
the Ig superfamily [89]. Supporting this hypothesis, partial sequence identity between Siglec-5 
and -14 was also found in gorilla, orangutan, chimpanzee, and bonobo [75]. In the great apes, the 
essential arginine residue required for sialic acid recognition is mutated in both Siglec-5 and 
Siglec-14, suggesting that these receptors function in concert to balance activating and inhibitory 
signaling.

17.9 SIGLECS AND PATHOGENS

Sialic acid has emerged rather late in evolution, starting with the deuterostomes and is therefore 
normally absent in potential pathogens like bacteria and protozoa [5]. Some of these pathogens 
have, however, acquired the ability to present sialic acids on their surfaces as a form of disguise, 
in order to trick the innate immune system and prevent their recognition as “foreign” organisms 
[90]. In comparison, most mammalian viruses are normally sialylated as they are produced by the 
host’s translational machinery. It is possible that pathogens not only use sialic acids as a protection 
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shield, but also as a mediator for cell entry or immune response modulation by exploiting the 
sialic acid–binding siglecs. Sn, for example, serves as receptor for the PRRSV and mediates 
uptake into alveolar macrophages in a sialic acid–dependent manner [31,43]. Sn has further been 
shown to facilitate uptake of N. meningitidis [42] and Trypanosoma cruzi [91] by macrophages 
in vitro. There is also growing evidence that sialylated pathogens like Campylobacter jejuni, N. 
meningitidis, and group B Streptococci interact with CD33-related siglecs [42,92,93]. Apart from 
facilitated uptake, engagement of an inhibitory receptor might also be benefi cial to the pathogen 
in dampening the immune response. Although studies are underway to investigate the role of 
siglecs during infection, in vivo evidence for either a benefi cial or detrimental role in the host–
pathogen interactions is missing so far.

17.10 CONCLUSION AND FUTURE DIRECTIONS

In terms of discovery, siglecs are a relatively young family of surface receptors and our current 
understanding of their biological functions is mostly based on in vitro experiments. The present 
challenge will be to transfer this knowledge to in vivo studies, in order to learn more about their role 
in regulating immune responses. The CD33-related siglecs represent one of the largest subgroups of 
inhibitory receptors in the immune system. Their recent characterization has led to a wider interest 
and siglecs are now studied not only by a small group of glycobiologist, but also by a growing 
number of immunologists. Most of the siglec knockout mice are now available and provide new 
tools for studying this group of proteins. We can therefore anticipate rapid developments in our 
knowledge of siglec functions in the coming years.
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18.1 INTRODUCTION

The innate immune response of vertebrates is triggered if a pathogen breaches the physical barriers 
of the host. It provides a rapid but nonspecifi c response and is the fi rst line of defense. The functions 
of innate immunity are based on a variety of germline-encoded receptors, the pattern recognition 
receptors (PRRs) [1]. PRRs are proteins expressed by cells of the innate immune system that recog-
nize conserved molecules associated with microbial pathogens. These conserved microbial struc-
tures are known as pathogen-associated molecular patterns (PAMPs). The recognition of PAMPs 
enables the immune system to distinguish foreign organisms from cells of the host and initiates a 
rapid infl ammatory response.

Toll-like receptors (TLRs) are a family of PRRs involved in the recognition of a broad range of 
microbial structures and they are the major molecules through which mammals sense infection and 
activate infl ammatory responses. For example, TLR2 plays an important role in recognition and 
responses to fungal pathogens [2,3] and TLR4 is critical for detection and clearance of Gram-negative 
bacteria [4]. There are also several other non-TLR receptors that have roles in microbial detection, 
including complement receptors, pentraxins, scavenger receptors, classical and nonclassical C-type 
lectins and collectins. In general, however, the exact function of the non-TLR PRRs in the control of 
infection remains unclear.

An exception to this is the nonclassical C-type lectin receptor, Dectin-1. Dectin-1 is involved in 
the innate immune response to fungal pathogens and has been shown to bind many fungal species, 
including Saccharomyces [2], Candida [5], Coccidioides [6], Pneumocystis [7,8], and Aspergillus 
[9–11]. It recognizes β-glucan components of the fungal cell wall [12] and in vitro has been shown 
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to mediate fungal binding, uptake, and killing [13,14], and the production of numerous cytokines 
and chemokines [2,7,15,16]. Studies using Dectin-1-defi cient mice have established the essential 
role of β-glucan recognition in the development of an antifungal infl ammatory response and the 
control of fungal dissemination in vivo [5,8]. In fact, to date, Dectin-1 is the only example of a non-
TLR PRR that can mediate its own intracellular signaling to induce a protective immune response. 
This chapter will focus on independent and cooperative signaling by Dectin-1 and how the current 
knowledge fi ts into the overall paradigm of immunoreceptor signaling and pattern recognition.

18.2 DECTIN-1: STRUCTURE, EXPRESSION, AND LIGANDS

Dectin-1 was originally identifi ed as a dendritic cell specifi c receptor that modulates T cell function 
by recognizing an unidentifi ed ligand on lymphocytes [17,18]. It was reidentifi ed as a β-glucan 
receptor following a screen of a murine macrophage cDNA expression library with zymosan, a 
β-glucan-rich extract of Saccharomyces cerevisiae [12]. β-Glucans are carbohydrate polymers with 
well-characterized immunostimulatory activity that are found primarily in the cell walls of fungi, 
but also in plants and some bacteria [19]. Other receptors such as complement receptor 3 (CR3) have 
been implicated in β-glucan and fungal recognition [20]. However, studies using specifi c anta-
gonists, blocking monoclonal antibodies, and knockout mice have clearly shown that Dectin-1 is the 
major β-glucan receptor on primary macrophages, dendritic cells, and neutrophils [5,8,21].

Dectin-1 is a member of the nonclassical C-type lectin family. It is a type II transmembrane protein 
consisting of a single extracellular lectin-like domain connected to a single-pass transmembrane region 
by a stalk and a cytoplasmic tail, which contains an immunoreceptor tyrosine-based activation (ITAM)-
like motif (Figure 18.1). It has a similar structure to other members of the nonclassical C-type lectin 
family, with two signifi cant exceptions. Firstly, there are no cysteine residues in its stalk region, indi-
cating that it does not dimerize. Secondly, the cytoplasmic ITAM-like motif is unusual as most other 
known activating nonclassical C-type lectin receptors, such as Ly49D (lymphocyte antigen 49D), do 
not contain cytoplasmic ITAM-like motifs, but rather associate with signaling molecules, such as 
DAP12, to carry out cellular activation. However, C-type lectin-like receptor 2 (CLEC-2), another 

CL

Y

CL

Y

FIGURE 18.1 Structure of the β-glucan receptor Dectin-1. Dectin-1 contains an extracellular C-type lectin-like 
carbohydrate recognition domain (CL), stalk region, transmembrane domain, and cytoplasmic tail that contains 
an ITAM-like sequence. Alternative splicing can generate an isoform of Dectin-1 that lacks a stalk.
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receptor that is encoded within the same gene cluster as Dectin-1, does have a similar ITAM-like motif 
to Dectin-1, and has also been shown to induce cellular activation [22].

Oligosaccharide microarray technology has shown that Dectin-1 specifi cally binds β-1,3-linked 
glucose oligomers [23]. Other members of the nonclassical C-type lectins do not generally recognize 
carbohydrates, as they lack the conserved residues involved in the ligation of calcium that coordi-
nates carbohydrate binding. Dectin-1 also lacks these conserved residues and its Ca2+-independent 
mechanism for recognition of carbohydrates is still unclear. However, a study, which involved bind-
ing analysis of 32 point mutants, revealed that at least two residues, Trp221 and His223 in the 
extracellular region of Dectin-1, are crucial for β-glucan binding [24].

The murine form of the receptor is expressed by many cell types, including macrophages, 
dendritic cells, monocytes, neutrophils, and a subset of splenic T cells [25]. There are at least 
two isoforms of murine Dectin-1, encoding the full-length receptor and a stalkless version. 
Studies have shown that zymosan binding by the smaller isoform is signifi cantly weakened at 
lower temperatures and there are also differences in the levels of cytokine production induced 
by the two isoforms. These studies indicate that Dectin-1 isoforms are functionally distinct and 
may represent a means whereby cellular responses to fungal infection can be regulated [26]. 
Structurally and functionally similar human homologs have been identifi ed. The expression of 
human Dectin-1 differs slightly in that it is also expressed on B cells and eosinophils. Human 
Dectin-1 mRNA is also alternatively spliced, resulting in eight isoforms, of which only two are 
functional for β-glucan binding [27]. Of the two functional human isoforms, the most predomi-
nant lacks the stalk region [27] (Figure 18.1), and similar to the mouse, there are also temperature-
dependent differences in zymosan binding [26]. The two major human isoforms are expressed 
differently in various cell types although the signifi cance of this remains unclear. It has also 
been shown that the level of Dectin-1 expression in murine macrophages can be infl uenced by 
various cytokines and microbial factors. For example IL-4, IL-13, and GM-CSF cause Dectin-1 
expression to be highly upregulated. In contrast IL-10, LPS and dexamethasone cause down-
regulation of Dectin-1 expression [28].

18.3 SIGNALING THROUGH ITAM-CONTAINING RECEPTORS

Studies of molecules containing ITAM motifs have contributed largely to the elucidation of patterns 
of immunoreceptor signaling and are helpful when considering signaling through the ITAM-like 
motif of Dectin-1. The T cell receptor (TCR)–CD3 complex, the B cell receptor and Ig Fc receptors 
(FcR) all signal via src and Syk family tyrosine kinases, phosphatases, and a host of adapter proteins 
that serve as molecular links to downstream signaling pathways.

The activatory Fcγ receptors are characterized by the presence of an ITAM motif in an accessory 
chain that associates with the receptor. When Fc receptors interact with their immunoglobulin 
ligands, the extracellular domains of the receptors aggregate. This results in tyrosine phosphoryla-
tion of the ITAM motif by members of the Src-kinase family and subsequent recruitment of SH2-
containing kinases including members of the Syk-kinase family. These early events trigger the 
initiation of downstream signaling cascades that ultimately lead to cellular activation [29]. Such 
events include phosphorylation and activation of phospholipase C (PLC), which leads to Ca2+ fl ux 
and activation of nuclear factor of activated T cells (NFAT) transcription factor. In addition, activa-
tion of protein kinase C (PKC) isoforms couple ITAM-containing receptors to the caspase recruit-
ment domain (CARD) proteins such as CARD 11. Such proteins form complexes with the adaptors 
MALT1 and Bcl10, leading to the recruitment and activation of TNF receptor associated factor 6 
(TRAF6), which in turn couples to inhibitor of KappaB kinases (IKK). Activation of the IKK com-
plex results in phosphorylation of an inhibitory protein IκB. IκB is bound in a complex with inactive 
NFκB. Once IκB is phosphorylated, it dissociates from NFκB, allowing the transcription factor to 
translocate to the nucleus and induce various genes [30]. The TLRs also activate NFκB, but utilize 
separate pathways either through the adaptor MyD88 or Toll/IL-1R domain-containing adapter 
inducing IFN-beta (TRIF).
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The functional TCR complex is equipped with 10 ITAMs that are phosphorylated by Lck, a Src 
family kinase, on receptor engagement. This allows recruitment of ZAP70, a Syk family kinase, and 
phosphorylation of the adaptor molecules LAT and SLP-76, as well as the enzymes Vav and PLCγ1 
[31]. PKCθ is subsequently recruited to the membrane and activated. This event appears to be a 
specifi c link to the NKκB pathway. PKCθ activates CARD 11 by phosphorylating specifi c serine 
residues [32]. This in turn leads to recruitment of Bcl10 and MALT1 and activation of NFκB.

The traditional ITAM motif is characterized by a consensus sequence that includes two tyrosines, 
usually 10–12 amino acids apart: YxxI/Lx(6–12)YxxI/L. The signaling motif of Dectin-1 is only slightly 
different from other activatory receptors and consists of YxxxI/Lx7YxxL/I. Given this likeness, it was 
originally thought that Dectin-1 may signal in a similar manner to ITAM-containing receptors such as 
those described above. Studies have since shown that while parallels can indeed be drawn between 
signaling by Dectin-1 and other activatory receptors, such as FcγR and TCR, there are also notable 
differences (Figure 18.2). As previously mentioned, in vitro studies have shown that ligand binding by 
Dectin-1 can induce many cellular responses, such as phagocytosis, phospholipase A2, COX2, the 
respiratory burst and cytokine production. These various aspects of Dectin-1 function will be discussed 
in more detail in the subsequent sections. Signaling from Dectin-1 alone appears to be suffi cient for 
many of these responses, but others, such as the induction of TNF, require cooperation through TLR2 
and signaling via MyD88 [2,15,16]. While many activatory receptors are known to associate with Syk 
kinase, Dectin-1 is presently the sole non-TLR PRR shown to signal via Syk. Furthermore, the associa-
tion between Dectin-1 and Syk occurs via a novel interaction involving only one tyrosine [15]. How-
ever, some cellular responses induced by Dectin-1, such as phagocytosis, do not require Syk. The 
presence of TLR and Syk-dependent and -independent pathways highlights the complexity of Dectin-1 
signaling. The elucidation of the signaling mechanisms of Dectin-1 has potential implications for other 
non-TLR PRRs that have similar cytoplasmic motifs [33].

TCR

PLCγ1

ZAP-70
PKC�

CARD11 CARD9

BcI10 BcI10

MALT1

Syk MyD88 MAL

IRAK4 IRAK1

IkB

NFkB
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TRAF6 TRAF6 TRAF6

Dectin1
TLR2

FIGURE 18.2 (See CD for color fi gure.) Comparison of NFκB activation pathways through Dectin-1, 
TLR2, and the TCR. Dectin-1 and the TCR use Syk family kinases to couple to the CARD9 and CARD11 
adaptors, respectively, leading to assembly of the TRAF6 complex, degradation of IκB and NFκB activation. 
TLR2 utilizes the adaptors MyD88 and MAL, and IRAK kinases to couple to the TRAF6 complex and 
NFκB activation. Dectin-1 and TLR2 collaborative responses may occur by signal integration. Dashed 
lines represent pathways with multiple steps.
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18.4 PHAGOCYTOSIS

Dectin-1 triggers cytoskeletal rearrangements leading to particle internalization. Figure 18.3 
illustrates a Dectin-1 expressing cell internalizing Candida albicans. This phagocytic activity of 
Dectin-1 is dependent on the ITAM-like motif in the cytoplasmic tail [13]. As previously men-
tioned, the signaling motif of Dectin-1 differs only slightly from the traditional ITAM motif of 
activatory receptors. However, this difference appears to be suffi cient to warrant an alternative 
mechanism of internalization. It is widely accepted that the Src-ITAM-Syk signaling pathway 
results in phagocytosis by FcγR [34]. Studies using macrophages defi cient in various Src kinases 
suggest that there is a high level of redundancy for these enzymes and that all of them are required 
during activation of phagocytosis by FcγR [29,35,36]. The phagocytic capacity of Dectin-1 
depends only on its membrane proximal tyrosine residue within the ITAM-like motif [13]. 
Dectin-1 becomes tyrosine phosphorylated at this residue upon ligand binding. However, in con-
trast to FcγR, src kinases appear to be only partially responsible, as was shown by using PP2, a 
src kinase inhibitor whose inclusion in internalization assays did not cause complete inhibition of 
uptake [13]. This suggests that other kinases may be involved. Furthermore, in macrophages, 
Dectin-1-mediated phagocytosis does not require Syk. This indicates the existence of a novel 
signaling pathway for Dectin-1-mediated phagocytosis in macrophages [13,15]. It has also been 
shown that phosphoinositide-3 (PI-3) kinase is not essential for Dectin-1-mediated phagocytosis, 
whereas PKC, ras-related C3 botulinum toxin substrate 1 (Rac-1), and Cdc42 are required [13]. 
On the other hand, Syk does have some infl uence on Dectin-1-mediated phagocytosis in dendritic 
cells where the kinase is recruited to the membrane proximal tyrosine of Dectin-1 [16].

Dectin-1 is also involved in the uptake of opsonized zymosan. Pentraxin-3 (PTX-3) binds to 
zymosan and it has been shown that internalization of PTX-3 opsonized zymosan is dependent on 
Dectin-1 [37]. Macrophages actually express higher levels of PTX3 mRNA in the presence of zymo-
san and it has been suggested that during fungal infection, the PTX3 gene is activated and secreted 
PTX3 may enhance the clearance of the pathogen [37]. Dectin-1 can also recognize exposed 

FIGURE 18.3 (see color insert following blank page 170. Also see CD for color fi gure.) Dectin-1 medi-
ates phagocytosis of Candida albicans. A NIH-3T3 cell expressing Dectin-1 phagocytosing FITC-labeled C. 
albicans. Actin fi laments and phagocytic cups are stained red. (From Brown, G.D. and Gordon, S., Nature, 413, 
36, 2001. With permission.)
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β-glucans on complement opsonized zymosan and it has been shown that Dectin-1 is necessary for 
infl ammatory responses to opsonized particles [38].

Other molecules may also associate with Dectin-1 during internalization of yeast. For example, 
it has been reported that the tetraspanin CD63 is internalized after yeast phagocytosis, and immuno-
precipitation experiments have shown that it associates with Dectin-1 [39]. Although the functional 
signifi cance of a Dectin-1-CD63 interaction has not yet been elucidated, it may represent part of a 
signaling complex. A functional interaction between another tetraspanin, CD37, and Dectin-1 has 
also been reported. This study demonstrated that CD37 inhibits signaling pathways leading to 
Dectin-1-mediated cytokine production [40]. As cells of the immune system express several PRRs, 
signals from the various receptors must be integrated to produce an appropriate immune response. 
This can be achieved by clustering immunoreceptors and signaling molecules into complexes using 
tetraspanins. Tetraspanins can laterally interact with immunoreceptors to create “tetraspanin micro-
domains” and consequently regulate downstream signaling [41–43]. The Dectin-1-CD63 or CD37 
complexes are therefore quite likely to form part of a larger complex that integrates signaling from 
other receptors [40].

18.5  CYTOSOLIC PHOSPHOLIPASE A2 ACTIVATION 
AND CYCLOOXYGENASE 2 EXPRESSION

Zymosan has long been used to investigate arachidonic acid release and metabolism [44,45]. 
Arachidonic acid is released from cell membranes by cytosolic phospholipase A2 (cPLA2), after 
which it is available for the production of the inflammatory mediators, leukotrienes, and 
prostaglandins. Metabolism of free arachidonic acid by the 5-lipoxygenase (5-LO) pathway, or 
the cyclooxygnase (COX) pathway, results in the production of leukotrienes or prostaglandins, 
respectively. Recent work has shown that Dectin-1 has a role in cPLA2 activation by zymosan and 
C. albicans [46,47]. Ligation of Dectin-1 by zymosan and C. albicans also increases expres-
sion of COX2 and consequently prostaglandin production. The cytoplasmic tail of Dectin-1 is 
required for zymosan-induced arachidonic acid release although internalization is not strictly 
necessary. Arachidonic acid release and leukotriene production stimulated through Dectin-1 ligation 
is TLR2-independent, but requires Syk, Src kinases, and PI3 kinase [46,47]. In contrast, 
COX2 expression and consequent prostaglandin production are Syk-dependent and partially 
TLR2-dependent [46].

18.6 RESPIRATORY BURST

The signaling cascade initiated by FcγR-mediated phagocytosis results in activation of the respira-
tory burst. The respiratory burst involves production of reactive oxygen species (ROS) that combat 
invading microorganisms, and it is initiated by the NADPH oxidase enzyme. FcR signaling in neutro-
phils causes migration of the various subunits of NADPH oxidase to the phagosome membranes and 
subsequent activation of the complex [48]. Various protein kinases have been reported to activate 
NADPH oxidase, but the initial signaling events take place along the Src-ITAM-Syk pathway [29]. 
The generation of intracellular signals by Dectin-1 following ligand binding also result in the activa-
tion of NADPH oxidase and production of ROS [3,15]. It also seems that Dectin-1 can cooperate in 
some way with TLRs in the production of ROS. For example, ROS production induced by zymosan 
can be enhanced when cells are prestimulated with TLR ligands, indicating that the Dectin-1-
triggered response can be primed by TLR activation [15]. There is also a requirement for Syk in 
ROS production by macrophages following Dectin-1 ligation [14]. However, this respiratory burst 
does not occur in all macrophages. Evidence suggests that macrophages can exist in two states, one 
that is permissive to Syk activation and ROS production and one that is not. These cells that initiate 
a respiratory burst represent a specialized subpopulation of macrophages that are somehow primed 
for production of reactive oxygen intermediates [14].
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18.7 CYTOKINES

Activation of Dectin-1 results in the production of numerous chemokines and cytokines, such as 
TNF, IL-10, IL-2, IL-12, IL-6, IL-1α, IL-1β, MCP-1, and MIP1α [2,5,9,15,49]. The most well stud-
ied in relation to Dectin-1 induced production are described below. Cytokine production and other 
responses induced by Dectin-1 are summarized in Figure 18.4.

18.7.1 TNF

Tumor necrosis factor (TNF) is an essential proinfl ammatory cytokine required for the successful 
control of many fungal pathogens [50–53]. Therefore, it is not surprising that Dectin-1 ligation 
by zymosan and live fungal pathogens induces TNF production [2,15]. In fact, Dectin-1 is the 
fi rst non-TLR receptor identifi ed as being involved in the generation of a proinfl ammatory 
response to fungal pathogens. Studies using cell lines expressing a truncated version of Dectin-1 
lacking the cytoplasmic tail demonstrated that the Dectin-1 cytoplasmic tail is required to 
induce TNF production in response to zymosan [2,15]. However, particle internalization is not 
required, as cell lines expressing Dectin-1 still show elevated levels of TNF production when 
phagocytosis is inhibited [2]. TNF production induced by Dectin-1 also requires the recognition 
of another component of zymosan by TLR2 and signaling through the MyD88 pathway [2,15]. 
It is well established that stimulation of TLRs leads to activation of NFκB and production of 
proinfl ammatory cytokines such as TNF. However, the specifi city of these responses is not 
clearly understood and it is believed that other immunoreceptors contribute to their induction. 
This appears to be the case for TLR2 and Dectin-1, as the simultaneous engagement of both 
these receptors greatly enhances TLR2-mediated TNF production [2,15]. Gross et al. have 
recently shown that bone marrow derived dendritic cells (BMDCs) from CARD 9-defi cient 
mice displayed severely defective TNF production induced by zymosan [54]. CARD 9 is a 
CARD protein that is related to CARD 11 which is mentioned previously. In the same study, 
inclusion of specifi c inhibitors of Syk abolished zymosan-induced production of TNF by wild-
type BMDCs. This work shows that zymosan-induced production of TNF is highly dependent 
on Syk and CARD 9. Gross et al. also provide evidence to support the idea that CARD 9 
operates upstream of Bcl10 and Malt1 to transduce signals for NFκB activation and cytokine 
production [54].

Dendritic cell:
Macrophage:

Phagocytosis
Phagocytosis

IL-10

Dectin1 Dectin1 TLR2

Syk MyD88
Src
+ ?

IL-2
TNF, IL-12, ROS

IL-12

FIGURE 18.4 (See CD for color fi gure.) Responses induced by Dectin-1 and TLR2 signaling path-
ways. Fungal stimulation of dendritic cells induces IL-10 through the Dectin-1-Syk pathway, and IL-12 
through the TLR2-MyD88 pathway. Dectin-1 and TLR2 collaborate to induce IL-2 in dendritic cells and 
TNF, IL-12 and ROS in macrophages. Phagocytosis in both dendritic cells and macrophages is largely 
Syk-independent.
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18.7.2 IL-12

Dectin-1 also enhances IL-12 production induced by TLR2 stimulation [15]. IL-12 plays a critical 
role in Th1-based responses, which have been linked to resistance to fungal infection [55]. It has 
been suggested that Dectin-1 recognition of β-glucans in fungi may serve to focus Th1-type responses 
through production of IL-12 [15]. Unlike TNF, the production of IL-12 is CARD 9-independent [54] 
and only partly dependent on Syk, as shown using cells from CARD 9-defi cient mice and Syk-
defi cient mice [16,54].

18.7.3 IL-10 AND IL-2

Zymosan also induces signifi cant levels of Dectin-1-mediated IL-10 and IL-2 production [16,49]. The 
production of IL-10 is somewhat surprising given that IL-10 counteracts the effects of IL-12. 
IL-10 production has advantages and disadvantages for the host during fungal infection. It impairs the 
antifungal effector mechanisms of phagocytes and the secretion of proinfl ammatory cytokines. How-
ever, its anti-infl ammatory action may be benefi cial late in the course of infection to aid in the resolution 
of the infl ammatory response [55]. The production of IL-10 by dendritic cells is TLR-independent [16], 
but requires the cytoplasmic tail of Dectin-1. Like TNF, Dectin-1-mediated IL-10 production is depen-
dent on Syk and CARD 9 [54]. IL-2 has an essential role in the development and peripheral activity of 
regulatory T cells [56–58], which are reported to have an essential role in protective memory immunity 
to fungal infections [34,59]. Production of IL-2 requires the cytoplasmic tail of Dectin-1 and is depen-
dent on Syk and CARD 9 [54]. Maximal IL-2 synthesis also requires signaling via MyD88 [16].

18.8 CONCLUSION AND FUTURE DIRECTIONS

The discovery of Dectin-1 as a receptor for fungal pathogens has changed the way that we think 
about non-TLR PRRs and opened up a new facet of innate immunology. The TLRs are clearly key 
components of the innate immune system that recognize a wide range of microbial pathogens. How-
ever, the emergence of Dectin-1 as the fi rst example of a signaling non-TLR PRR has shown that 
TLRs do not function alone. Furthermore, the collaborative signaling between Dectin-1 and TLR2 
has provided the skeleton of what may be a valuable model for other receptors.

The immune response is launched in response to microbial recognition by a complex network of 
receptors. The specifi c cellular response to this recognition is dependent on functional cooperation 
of downstream signals initiated by receptor activation. Dectin-1 collaborates with TLR2 to tailor the 
immune response and induce production of TNF, IL-12, and ROS via a novel interaction involving 
Syk and other unknown molecules. Future research into the nature of Dectin-1 and TLR2 collabora-
tion will defi ne this functional cooperation and provide insight into collaboration between other 
immunoreceptors. Dectin-1 is therefore likely to be the fi rst of a number of non-TLR, but Syk-
coupled PRRs that are critical for the control of various infectious agents.
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19.1 INTRODUCTION

B lymphocytes are the central mediators of humoral immunity. They differentiate through highly 
regulated pathways before becoming mature plasma cells that secrete Ag-specifi c antibody. B cells 
depend on cues from their extracellular microenvironment for development, homeostasis, activation, 
proliferation, and effector function. These functions are regulated through cell-surface molecules 
that generate transmembrane signals, regulate intercellular communication, and direct lymphocyte 
localization within tissues. These events depend on signals generated by the B cell Ag receptor 
(BCR) that is composed of membrane immunoglobulin (Ig) noncovalently associated with disulfi de-
linked CD79a/CD79b (Ig-α/Ig-β) heterodimers.

In addition to the BCR, multiple other signaling molecules provide important functional links 
between the cell surface and intracellular signaling (Tedder 1998). CD22 and CD19 represent two 
specialized cell surface molecules (Buhl and Cambier 1997; Cyster and Goodnow 1997; O’Rourke 
et al. 1997; Tedder et al. 1997; Nitschke and Tsubata 2004) that also function as “response regula-
tors” (Tedder 1998) to modulate the intensity, quality, and duration of signals generated for homeo-
static survival as well as Ag-induced responses (Fujimoto et al. 1998; Sato et al. 1998). Response 
regulators establish intrinsic signaling thresholds that provide a context for other transmembrane 
and cytoplasmic signals.

CD22 expression is developmentally regulated. Cytoplasmic CD22 protein appears during early 
B cell development, while initial CD22 surface expression is found at the immature B cell stage in 
the bone marrow (Erickson et al. 1996). CD22 surface levels increase as B cells mature with the 
highest levels of CD22 expression found in resting mature B cells. Newly formed immature B cells 
are subject to multiple survival checkpoints where the function and reactivity of their BCRs are 
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assessed. Proper expression and normal BCR signal transduction is essential for the continued sur-
vival of both immature and mature B lymphocytes (Lam et al. 1997). The acquisition of surface 
CD22 concurrent with surface Ig places it in a unique position to regulate BCR-mediated signal 
transduction during critical selection steps.

19.2 CD22 DOMAIN ORGANIZATION AND INTERACTION PARTNERS

CD22 is a type I transmembrane protein comprised of a single amino-terminal V-set Ig domain and 
six C-2-set Ig domains (Wilson et al. 1991; Torres et al. 1992; Engel et al. 1995). Although smaller 
CD22 mRNA isoforms exist that lack one or more Ig-like domains due to alternative splicing, cell-
surface CD22 is almost exclusively comprised of 847 amino acids, including a 141 amino acid 
cytoplasmic tail (Wilson et al. 1991; Engel et al. 1993). CD22 is highly conserved among mammals. 
Mouse CD22 is roughly 62% identical in overall amino acid sequence to human CD22 (Torres et al. 
1992). The highest level of conservation (70%) is found between the seventh Ig domain, the cyto-
plasmic tail, and the transmembrane domains (Wilson et al. 1991; Torres et al. 1992).

CD22 recognizes specifi c N-linked oligosaccharides containing α2,6-linked sialic acids (Engel 
et al. 1993; Powell et al. 1993; Sgroi et al. 1993; Powell and Varki 1994). As depicted in Figure 19.1, 
ligand binding activity of CD22 resides exclusively in Ig-like domains 1 and 2 based on the localiza-
tion of a large panel of function-blocking anti-CD22 mAbs (Engel et al. 1995; Law et al. 1995). 
Using these antibodies as well as domain-swap and domain-deletion mutants of hCD22, the two 
amino-terminal Ig-like domains were determined to embody the functional unit mediating CD22 
adhesion with ligands found on lymphocytes, neutrophils, monocytes, and erythrocytes (Engel et al. 
1995). This is in contrast to sialoadhesin, which requires only the amino-terminal V-set Ig domain 
(domain 1) for ligand binding, and may implicate the adjacent C2-set domain of CD22 (domain 2) 
in the proper folding of a sialic acid–binding site on domain 1 (Nath et al. 1995).
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Potential CD22 ligands identifi ed in vitro include structurally diverse sialic acid–bearing molecules 
expressed by lymphocytes, monocytes, neutrophils, and erythrocytes as well as nonhematopoietic cells 
(Tedder et al. 1997). Specifi c examples include CD22 itself, all isoforms of CD45, soluble IgM pentam-
ers, haptoglobin, Ly-6 proteins, and a variety of other diverse proteins present on leukocyte cell surfaces 
(Stamenkovic et al. 1991; Hanasaki et al. 1995; Pfl ugh et al. 2002). CD22 is also reported to bind cell 
surface Ig (Leprince et al. 1993; Peaker and Neuberger 1993), although it is not known whether this 
association is direct through the extracellular ligand-binding or intracellular CD22 domains or is accom-
plished via intermediate bridging molecules. CD22 has been shown to bind sialic acid–bearing glycopro-
teins on B cells in cis, as well as on adjacent cells in trans. Cis binding has been referred to as “masking” 
since it blocks CD22 binding to synthetic sialoside probes (Razi and Varki 1998). Importantly, CD22 
masking does not impede its binding to trans ligands on adjacent cells (Collins et al. 2004).

The ~140 amino acid cytoplasmic domain of CD22 contains six tyrosine residues that are potential 
targets for phosphorylation following surface BCR or CD22 ligation (Wilson et al. 1991; Torres et al. 
1992). Three tyrosine residues reside in immunoreceptor tyrosine-based inhibitory motifs (ITIMs) and 
are implicated in recruitment of the src-homology-2 (SH2) domain-containing phosphatase 1 (SHP-1). 
Two cytoplasmic tyrosine residues also fall within an immunoreceptor tyrosine-based activation motif 
(ITAM; Leprince et al. 1993), a region found in many activating receptors of the immune system, 
including the BCR, T cell antigen receptor (TCR), and activating Fc receptors (Reth 1989). Through 
these motifs, CD22 provides binding sites for SHP1, PLC-γ2, phosphatidylinositol (PI) 3-kinase, Grb2, 
Syk, Shc, and SHIP (Figure 19.1) (Blasioli et al. 1999; Yohannan et al. 1999; O’Keefe et al. 1996; 
Poe et al. 2000).

19.3 CD22 SIGNALING REGULATES B CELL ACTIVATION

CD22 has earned a reputation as a negative regulator of B cell receptor signaling, which is largely 
based on the recruitment of SHP-1 by phosphorylated tyrosine residues in the CD22 cytoplasmic tail. 
In fact, of all phosphotyrosine-containing proteins, CD22 is the dominant binding partner for SHP-1 in 
B cells (Sato et al. 1997). CD19 is also a major target for CD22 regulation (see Figure 19.1) (Poe et al. 
2000), as CD19 is hyperphosphoryated in CD22−/− B cells. In fact, CD19−/− and CD22−/−/CD19−/− 
double-defi cient mice bear strikingly similar phenotypes, suggesting that the inhibitory effects of 
CD22 inhibition act primarily via CD19 (Fujimoto et al. 1999). However, given the array of known 
binding partners for CD22, the mechanism by which CD22 limits BCR signal strength may not be 
solely dependent upon SHP-1 and the regulation of CD19. Rather, CD22 participates in a tetrameric 
complex with SHIP, Grb-2, and Shc (Poe et al. 2000), which may also play a direct role in altering 
calcium mobilization following BCR engagement (Figure 19.1) (O’Keefe et al. 1996).

To tease out the importance of CD22 in vivo, four independent lines of CD22-defi cient mice 
have been characterized (O’Keefe et al. 1996; Otipoby et al. 1996; Sato et al. 1996; Nitschke et al. 
1997). B cells from CD22−/− mice exhibit an activated phenotype, including decreased surface IgM 
and increased major histocompatibility complex (MHC) class II levels. Proliferative responses to 
BCR cross-linking are reduced depending on the genetic background of the mice being examined 
(Poe et al. 2004a), although normal proliferation in CD22−/− B cells is observed after lipopolysaccharide 
(LPS) stimulation or CD38 cross-linking (Sato et al. 1996). In contrast, CD22−/− B cells are hyper-
responsive to CD40 stimulation (Poe et al. 2004b). That CD22 contains both positive and negative 
signaling elements in its intracellular domain may also explain why both positive and negative 
signaling roles for CD22 are observed during different in vitro experiments. The most consistent 
observation, however, is that calcium mobilization in response to BCR stimulation is heightened in 
CD22−/− B cells, which contributes to its reputation as a negative regulator of BCR signals.

19.4 CD22–LIGAND INTERACTIONS REGULATE B CELL SURVIVAL

Mice defi cient in CD22 have relatively normal peripheral B cell numbers, although marginal 
zone B cells are absent and the number of mature recirculating and marrow B cells are reduced 
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(O’Keefe et al. 1996; Otipoby et al. 1996; Sato et al. 1996; Nitschke et al. 1997). CD22−/− B cells 
also exhibit higher turnover, based on 5-bromo-deoxyuridine (BrdU)–labeling studies, which reveals 
a shorter average lifespan in vivo (Otipoby et al. 1996; Nitschke et al. 1997; Haas et al. 2006). In 
addition, T-cell-independent immune responses are decreased in CD22−/− mice (Otipoby et al. 1996; 
Sato et al. 1996; Nitschke et al. 1997), although this may refl ect the lack of a functional marginal 
zone B cell population, which are the primary responders to T-independent Ag (Sato et al. 1996; 
Nitschke et al. 1997; Samardzic et al. 2002).

Studies conducted with CD22−/− mice have been unable to address the importance of CD22 
ligand binding in regulating CD22 function. Therefore, to directly assess the relevance of CD22 ligand 
binding in B cell activation and survival, two lines of mice were generated that express mutant 
CD22 receptors incapable of ligand binding, CD22∆1–2 and CD22AA (Poe et al. 2004b). 
CD22∆1–2 mice express a truncated form of CD22 that lacks the two amino terminal Ig domains 
required for ligand binding. CD22AA mice harbor two point mutations (R130 to A130, R137 to 
A137) in the amino terminal Ig domain of CD22 that results in the inability of CD22 to bind sialic 
acid–bearing ligands (van der Merwe et al. 1996; Poe et al. 2004b). CD22∆1–2 and CD22AA B 
cells regulate BCR-induced calcium responses normally. In addition, CD22 tyrosine phosphoryla-
tion and SHP-1 recruitment are also normal in CD22∆1–2 and CD22AA B cells after BCR ligation. 
However, CD22−/−, CD22∆1–2, and CD22AA B cells are similarly hypoproliferative to BCR sig-
nals yet hyperproliferative to CD40 stimulation in vitro (Poe et al. 2004b). These data indicate that 
some signal transducing elements of CD22 function independent of ligand binding, while normal 
B cell proliferation in response to various stimuli may require CD22–ligand interactions. That 
CD22 ligand binding is required for optimal proliferation responses may relate to the observation 
that CD22 regulates Myc transcription factor–induced expression of the ubiquitin ligase complex 
protein Cullin 1 (CUL1) after BCR ligation, which promotes ubiquitin-dependent cell cycle 
progression (Poe et al. 2004a).

Despite the complexity of B cell signal transduction, CD22–ligand interactions are vital for 
normal B cell physiology. There is a signifi cant reduction in the number of marginal zone and circu-
lating B cells in CD22−/−, CD22∆1–2, and CD22AA mice. In addition, mature B cells have high 
in vivo turnover rates in CD22∆1–2, CD22AA, and CD22−/− mice (Poe et al. 2004b). CD22 was 
originally identifi ed as a potent adhesion molecule and was implicated in B cell migration in vivo 
(Floyd et al. 2000). Consistent with this notion, CD22 ligands have been identifi ed on bone marrow 
sinusoidal endothelium (Nitschke et al. 1999). However, the direct comparison of migration in vivo 
by wild type, CD22−/−, CD22∆1–2, and CD22AA B cells at early time points following adoptive 
transfer indicate that survival, and not differential migration, is responsible for the observed decrease 
in mature B cell numbers in the bone marrow of CD22−/− mice. While CD22 may regulate the threshold 
for B cell activation in a ligand-independent manner, high turnover rates and reductions in specifi c 
B cell populations in CD22−/−, CD22∆1–2, and CD22AA mice indicate that normal B cell survival 
in vivo is dependent on CD22–ligand interaction.

To further understand the role of ligand binding in CD22-mediated B cell survival, CD22–ligand 
interactions have been disrupted in vivo using a panel of mouse antimouse monoclonal antibodies 
(mAbs) that inhibit CD22 ligand binding to varying degrees. Within this panel, antibodies termed 
MB22-9, -10, and -11 respectively block ligand binding to increasing degrees, whereas MB22-8 and 
Cy34.1 mAbs effi ciently bind to CD22 but do not inhibit ligand binding (Haas et al. 2006). Mice 
treated with ligand-blocking CD22 mAbs exhibit dramatically reduced (75%–85%) circulating B 
cell numbers whereas mAb MB22-8, which does not block ligand binding, does not have a signifi -
cant effect (Haas et al. 2006). Some B cell subsets are particularly dependent on CD22–ligand 
interactions as mAb treatment resulted in dramatic reductions in marginal zone and mature B cells 
in the bone marrow, whereas mature splenic B cells are not signifi cantly altered. Lymph node (LN) 
B cell numbers are only slightly reduced upon treatment with the MB22-9 and MB22-10 mAbs, 
while treatment with MB22-11 mAb causes signifi cant reductions. Since blood, marginal zone, and 
LN B cell subsets represent a minor proportion of the peripheral B cell population, the observed 
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reductions do not alter total peripheral B cell numbers. Nevertheless, BrdU-labeling studies reveal 
striking alterations in B cell turnover rates in MB22-10- and MB22-11-mAb treated mice. Increased 
turnover indicates a change in proliferation, survival, or both. However, mAb treatment following 
adoptive transfer of Carboxyfl uorescein succinimidyl ester (CFSE)-labeled B cells indicates 
that survival and not proliferation is the primary contributor to enhanced B cell turnover in vivo 
(Haas et al. 2006).

The physiology of CD22 ligand binding in vivo has also been addressed by targeting the sialyltrans-
ferase ST6Gal-I, which is responsible for producing α2–6-linked sialic acids on oligosaccharides, 
recognized as CD22 ligands. Mice defi cient in ST6Gal-I exhibit reduced serum IgM levels, although B 
cell development and peripheral numbers appear normal (Hennet et al. 1998). B cells from ST6Gal-I-
defi cient mice express reduced levels of IgM and CD22 on the cell surface. In contrast to CD22−/− B cells, 
ST6Gal-I-defi cient B cells do not exhibit an “activated” phenotype, including increased surface MHC 
class II expression. Furthermore, B cells from ST6Gal-I-defi cient mice have impaired proliferative 
responses to both BCR stimulation and CD40 signaling and reduced antibody production after challenge 
(Hennet et al. 1998). Thus, ST6Gal-I-defi cient mice show gross abnormalities in immune function, but 
differ from CD22−/− mice. These differences also support the observation that CD22 can act independent 
of ligand binding. However, additional roles for α2,6-linked oligosaccharides in the immune system, as 
well as functional redundancy for CD22–ligands may still exist. Efforts to resolve these possibilities have 
led to the production of CD22/ST6Gal-I double-defi cient mice (Collins et al. 2006). B cells from CD22/
ST6Gal-I double-defi cient mice largely resemble CD22−/− B cells with regard to calcium mobilization, 
upregulation of the activation marker CD86, and proliferation after BCR cross-linking, and further 
support a role for CD22 in altering B cell signal transduction independent of ligand interactions.

Taken together, data from CD22−/−, CD22∆1–2, CD22AA, ST6Gal-I-defi cient, and CD22 
mAb-treated mice decisively demonstrate a role for CD22–ligand interactions in the survival of 
peripheral B cells in addition to the ligand-independent effects of CD22 on B cell signal transduction. 
Since CD22 provides an important functional link between B cell survival and regulation of intracellular 
signaling, it is not surprising that CD22-directed therapies are being developed and tested for both 
oncology and autoimmunity applications.

19.5 CD22 AS A THERAPEUTIC TARGET

Therapy for B cell malignancies and severe autoimmune disease has primarily relied upon broadly 
immunosuppressive agents, such as cyclophosphamide, methotrexate, or cyclosporine A, which 
have signifi cant toxicities. Therapies directed at specifi cally reducing B cell numbers have therefore 
acquired a great deal of attention and enthusiasm. For example, a chimerized CD20 mAb (Ritux-
imab) effectively reduces normal and malignant B cell numbers without signifi cant toxicity and is 
currently being used widely in patients with lymphoma and autoimmune disease.

19.6 CD22 THERAPEUTIC APPLICATIONS IN ONCOLOGY

CD22 is expressed by 75%–80% of B cell lymphomas and leukemias (Press et al. 2001). Antibody 
binding to CD22 results in rapid internalization although its degradation kinetics are unchanged 
(Shan and Press 1995). In light of these observations, CD22 has emerged as a pertinent target for 
immunotherapy of B cell malignancies. Radiolabeled CD22 mAbs (Stein et al. 1993) have demon-
strated high sensitivities in the diagnosis and the staging of B cell lymphomas, while therapeutic 
131I- or 90Y-labeled CD22 mAbs (LL2) that bind to the third extracellular Ig-like domain of CD22 
have generated partial to complete remissions (Juweid et al. 1999; Sieling et al. 1999; Coleman 
et al. 2003). Naked CD22 mAb (Epratuzumab) mediates antibody- and complement-dependent 
cytotoxicity in vitro, with preclinical and early clinical studies providing a rationale for its use in 
immunotherapy (Leonard and Link 2002; Carnahan et al. 2003). Because malignant B cells rapidly 
internalize CD22 and CD22 mAb binding leads to effi cient intracellular routing of the CD22–mAb 
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complex to intracellular compartments (Press et al. 1994), the use of CD22 mAbs to deliver immu-
notoxins to non-Hodgkin’s lymphoma and chronic lymphocytic leukemia cells has also received 
considerable attention (Press et al. 1989; Sieber et al. 2003).

The importance of CD22 ligand binding for normal B cell survival suggests that blocking this 
interaction may infl uence malignant B cell survival. In fact, ligand-blocking mAbs have potent 
in vivo effects on lymphoma growth. This concept was fi rst validated using a Raji lymphoma 
xenograft model (Tuscano et al. 2003b) and the HB22-7 mAb (Engel et al. 1993). Surprisingly, 
mice treated with naked HB22-7 mAb alone have impressive tumor volume reductions, with superior 
cure and survival rates when compared to other treatment groups (Tuscano et al. 2003b). Furthermore, 
using ligand-blocking mouse antimouse mAb, A20 mouse lymphoma cells transferred into Rag1-
defi cient syngeneic hosts were found to require CD22 ligand binding for survival as well. Mice 
treated with MB22-10 mAb following adoptive transfer contain approximately 90% fewer A20 
lymphoma cells than control mice (Haas et al. 2006). These fi ndings demonstrate that both normal 
and malignant B cells require CD22 ligand binding for survival, validating CD22 as a rational 
target for treating B cell malignancies.

19.7 CD22-DIRECTED THERAPIES IN AUTOIMMUNITY

Autoimmune diseases represent complex disorders characterized by adaptive immune responses 
that are inappropriately directed against self-antigens. Despite the inherent complexity, B cells are 
important contributors in the pathogenesis of autoimmunity beyond their ability to produce autoan-
tibodies (Madaio 1998; Chan et al. 1999a,b; Tuscano et al. 2003a). This has provided new incentives 
to identify the multiple checkpoints that control positive and negative selection of B cells, both cen-
trally in the bone marrow and in peripheral lymphoid tissues. A complex series of checks and bal-
ances throughout B cell development is necessary to allow the production of a large and diverse 
population of B cells capable of generating high-affi nity effector antibodies that have been purged 
of pathological autoreactivity. As a result, perturbations in select regulatory pathways that affect B 
cell function or selection processes may lead to autoimmune disease. Two broad categories of defects 
that lead to autoimmunity have been identifi ed: those that alter signal transduction thresholds for 
cellular activation and those that alter B cell longevity. Since CD22 regulates both signal trans-
duction thresholds and B cell longevity, it is not surprising that CD22 has been implicated in the 
development of autoimmunity, at least in mouse models of disease.

That the extracellular ligand binding domains of CD22 are divergent in autoimmune strains of 
mice suggests that CD22 may directly infl uence autoantibody production or may contribute to the 
severity of autoimmune disorders (Mary et al. 2000). First, at least three alleles of the mouse Cd22 
gene have been identifi ed that encode proteins that are ~3% different in amino acid sequence (Law 
et al. 1993). One of these, the Cd22a allele, is uniquely found in some autoimmune-prone strains of 
mice (DBA/1, DBA/2J, NZB, NZW, NZC, PL/J, and AKR/J) (Nadler et al. 1997; Lajaunias et al. 
1999). Although not proven, multiple investigators postulate that CD22 allelic differences contribute 
to autoimmunity. In addition, NZW mice synthesize aberrant CD22 mRNAs, some of which inter-
fere with upregulated cell surface CD22 expression on NZW B cells following LPS exposure (Mary 
et al. 2000). Thus, CD22 genetic polymorphisms may contribute to autoimmunity.

A second line of evidence that CD22 infl uences the development of autoimmunity is that one 
CD22−/− mouse line has increased autoantibody production with age, including antibodies against 
double-stranded (ds) DNA and dsDNA–histone complexes (O’Keefe et al. 1996, 1999). Heterozy-
gous CD22 + /− C57BL/6 mice carrying the autoimmune acceleration gene, Yaa, also have markedly 
increased production of IgG anti-DNA autoantibodies (Mary et al. 2000). The hyperactivated status 
of CD22−/− B cells is consistent with susceptibility to autoimmunity such that CD22 may augment 
autoimmune disease once induced or when combined with increasing age, other disease susceptibil-
ity loci, or pathogens. Alternatively, it has been proposed that CD22 ligand engagement prevents the 
development of autoimmunity (Lanoue et al. 2002). By contrast, our line of CD22−/− mice develops 
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a hyperlgMphenotype with age, with autoantibody levels merely paralleling increased serum Ig 
levels (unpublished observations). Thus, in this line of mice, CD22 defi ciency appears to result in 
overall B cell hyperactivity rather than preferentially supporting the expansion of autoreactive 
clones. Furthermore, estrogen administration, which accelerates and exacerbates autoimmunity in 
mice (Grimaldi et al. 2001) specifi cally upregulates CD22 and SHP1 levels in B cells (Grimaldi 
et al. 2002). These authors suggest that CD22 overexpression may reduce the occurrence of 
BCR-induced apoptosis in autoreactive cells and promote their survival. Thus, there is evidence for 
CD22 defi ciency as well as CD22 overexpression in infl uencing autoimmunity.

The importance of B cell survival to autoimmune disease is well appreciated, leading to the 
pursuit of therapies that infl uence this potent biological outcome. By interfering with B cell 
survival and enhancing B cell turnover, it is envisioned that B cells or B cell subsets can be specifi cally 
targeted without the widespread toxicity of conventional treatments including systemic corticos-
teroid administration. Moreover, it may be possible to effect therapeutic benefi t by attenuating B 
cell responses to transmembrane signals without eliminating B cells that give rise to protective 
humoral immunity. Accelerated B cell apoptosis and turnover by therapeutic mAbs that block 
CD22 ligand engagement may therefore have considerable benefi t for the treatment of autoim-
munity (Tuscano et al. 2003a).

19.8 CONCLUSION AND FUTURE DIRECTIONS

CD22 expressed by mature B-lineage cells binds ligands in vivo to regulate BCR-mediated signal 
transduction and provide essential survival signals. CD22 ligand-dependent and independent path-
ways may function independently or converge to ultimately regulate the composition of the preim-
mune B cell repertoire and the generation of physiologically relevant responses to foreign or 
self-Ags. Through its effects on both B cell survival and signal transduction, CD22 likely plays an 
important role in normal B cell selection, activation, and differentiation during immune responses. 
A better understanding of CD22 function and regulation may also afford mechanisms by which 
humoral immunity can be modulated, leading to the development of new strategies to augment anti-
microbial defense and acquired immune responses, and for the development of novel approaches 
aimed at regulating chronic infections and infl ammatory disorders. Since B cells contribute substan-
tially to many human autoimmune diseases and hematologic malignancies, and these diseases are 
often correlated with altered signal transduction or unregulated B cell survival, new approaches 
targeting CD22 directly or interfering with CD22–ligand binding and function represent a valid and 
exciting new arena for therapeutic advancement.
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20.1 INTRODUCTION

The most striking feature of the immune system in vertebrates is its ability to recognize a large 
diversity of pathogens by T and B lymphocytes that express on their surface specifi c receptors, the 
T cell receptor (TCR) and the B cell receptor (BCR), respectively. These cells derive from hematopoi-
etic stem cells through discrete differentiation pathways that take place in the liver during embryonic 
and fetal life and in the bone marrow (BM) after birth. T cells mature in the thymus whereas B cells 
continue to differentiate in the BM. Lympho-stromal interactions in multiple microenvironments 
within the thymus and the BM have a crucial role in the regulation of lymphocyte development and 
selection. The genes encoding TCR and BCR antigen-binding domains are assembled during T and 
B cell differentiation by a series of gene rearrangements. Mechanisms of allelic exclusion prevent 
expression of multiple functional receptors on a given T or B cell.

In this chapter, we will report on the early steps of B cell development in the BM by focusing on 
the specifi c interactions between early B cell precursors and the BM microenvironment. We will 
describe how early B cells interact with BM stromal cells and the functional consequences of such 
interactions for B cell development. More precisely, we will concentrate on the mode of activation 
of the receptor expressed by early pre-B cells, called the pre-BCR, that depends on the secretion of 
galectin-1 by BM stromal cells and on specifi c interactions between the pre-BCR, galectin-1, and 
integrin members.
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20.2 B CELL DEVELOPMENT IN THE BONE MARROW

B cell development in BM proceeds throughout life and generates immature B cells of widely diversi-
fi ed specifi cities, able to recognize foreign antigens but tolerant to self. The balance between cell auton-
omous mechanisms and signals from the microenvironment controls the various steps of B cell 
differentiation.

20.2.1 MECHANISMS LEADING TO THE GENERATION OF B CELL DIVERSITY

B cells develop from uncommitted progenitors through the combinatorial action of specifi c tran-
scription factors including PU-1, E2A, EBF, and PAX5, which activate the B-cell gene expression 
program and the rearrangements of immunoglobulin (Ig) genes. B cell differentiation is character-
ized by the sequential expression of various cell surface markers and by the ordered rearrangement 
of IgH and IgL gene segments. Schematically, four successive stages have been described: Pro-B, 
pre-BI, pre-BII, and immature B (Figure 20.1A). Completion of VH to DH–JH rearrangements at the 
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FIGURE 20.1 (See CD for color fi gure.) B cell differentiation in the bone marrow. (A) Developmental 
stages of murine B cell differentiation in the BM. The two checkpoints at which B cells are screened for 
functional Ig gene rearrangements are indicated. (Nomenclature used is from Melchers, F., ten Boekel, E., 
Seidl, T., Kong, X.C., Yamagami, T., Onishi, K., Shimizu, T., Rolink, A.G., and Andersson, J., Immunol. 
Rev., 175, 33, 2000.) (B) Schematic structure of the pre-BCR and BCR complexes. The pre-BCR (left) is 
composed of two Igµ chains associated with two SLC and the CD79a/CD79b transducing module. The SLC 
is composed of the λ-like/λ5 and the VpreB chains. The COOH-terminal region of VpreB and the NH2-terminal 
portion of λ-like, constitute the extraloop regions. (From Guelpa-Fonlupt, V., Bossy, D., Alzari, P., Fumoux, 
F., Fougereau, M., and Schiff, C., Mol. Immunol., 31, 1099, 1994; Lanig, H., Bradl, H., and Jack, H.M., Mol. 
Immunol., 40, 1263, 2004.) The BCR (right) is composed of two Igµ chains associated with two IgL chains 
and the CD79a/CD79b transducing module.
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pre-BI stage leads to the production of the Igmu (Igµ) heavy chain. Some of these Igµ chains associ-
ate with the surrogate light chain (SLC), composed of the λ-like (also called λ5) and VpreB proteins, 
and with the signaling molecules CD79a and CD79b (Figure 20.1B), to form the pre-B cell receptor 
(pre-BCR). Once a functional VH–DH–JH gene is obtained, the resulting Igµ heavy chain exerts a 
negative feedback, called allelic exclusion, on further rearrangement of the IgH locus, so that there 
is only one IgH chain that is expressed in a given cell [1]. In addition, large pre-BII cells expressing 
the pre-BCR proliferate and differentiate toward small pre-BII cells. At this step, the SLC expres-
sion, and consequently that of the pre-BCR, is downregulated, leading to the arrest of proliferation 
and to the initiation of IgL gene rearrangements. Finally, cells start to express the BCR, composed 
of the Igµ and IgL chains associated with CD79a and CD79b (Figure 20.1B) and become immature 
B cells. The recombination process for IgL chains is regulated in the same manner as for the IgH 
chains, so that only one IgL chain is expressed in a given cell (either κ or λ). Before emigrating from 
the BM to peripheral lymphoid organs, immature B cell are selected on the basis of their BCR speci-
fi city. Potential self-reactive B clones are eliminated by apoptosis (clonal deletion), modifi ed by 
secondary rearrangements (receptor editing, VH replacement), or rendered hyporesponsive (anergy) 
(reviewed in Ref. [2]). Thus, by ensuring the selection of functional rearrangements at the IgH and 
IgL loci, the pre-BCR and the BCR are crucial checkpoints of B cell differentiation.

20.2.2 ROLE OF THE BONE MARROW MICROENVIRONMENT IN B CELL DEVELOPMENT

The microenvironment in the BM also plays a fundamental role in B cell development. Hematopoi-
etic cells and lymphoid progenitors are located in cellular niches, in close contact with a highly 
organized three-dimensional microenvironment indispensable for their differentiation. Stromal cells 
are key constituents of the environment and they form a network in the intersinusoidal spaces of the 
bone cavity that extends from the subendosteal region to the sinusoids. Precursor B cells differenti-
ate and proliferate in the interstices of this network in close contact with long processes of stromal 
cells [3]. Adhesion molecules, including CD44, selectins, and integrins control the interaction 
between B cell progenitors, the extracellular matrix (ECM) components, and the stromal cells. ECM 
components provide also a network in which soluble factors secreted by stromal cells and crucial for 
B cell development, such as CXCL12 (SDF-1) and IL-7, can be trapped.

CXCL12 sequestration into the fi bronectin lattice activates a number of integrins, such as 
lymphocyte function-associated antigen (LFA-1), very late antigen (VLA-4), and VLA-5 [4] that 
mediate adhesion, migration, survival, and differentiation of the cells [5]. Integrins, which are heterodi-
meric transmembrane molecules consisting of α and β subunits, bind ECM components such as 
fi bronectin and laminin, but also cellular receptors such as vascular cell adhesion molecule (VCAM-1). 
Integrin–ligand interactions participate in the adhesion of B cell progenitors to the BM environment and 
are critical for sustaining B lymphopoiesis [6,7]. VLA-4 and VLA-5 are particularly important in pro-
moting pro-B cell adhesion and proliferation on BM stromal cells [8,9]. Moreover, α4, in association 
with β1 or β7 integrins, plays an important role in maintaining normal hematopoiesis [10]. The IL7 
cytokine is also very important for mouse B cell development and was originally cloned from a stromal 
cell line as a factor supporting the growth of pre-B cells in vitro [11]. Latter, IL7 was shown not 
only to promote proliferation and survival of early B cell precursors in mice, but also to function as a 
differentiation factor to induce B cell development of hematopoietic precursors [12].

20.3  ROLE OF THE PRE-BCR DURING B CELL DEVELOPMENT 
IN THE BONE MARROW

As previously mentioned, the pre-BCR is composed of the Igµ, SLC, and CD79a/CD79b chains 
(Figure 20.1B). The 3-D structure of the pre-BCR has not been solved so far. As the SLC resemble 
a regular IgL chain, VpreB and λ-like/λ5 proteins are predicted to be comparable to variable and 
constant IgL domains, respectively [13–15]. Moreover, it was proposed that major interactions occur 
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between λ-like/λ5 and the IgCµ1 domain on one hand and between VpreB and the VH domain on 
the other hand. Finally, the COOH-terminal region of VpreB (20 amino acid residues) and the 
NH2-terminal portion of λ-like (50 amino acid residues), depicted as the extraloop (EL) regions 
(Figure 20.1B), are thought to “loop” out from the main SLC domain structure [14,15].

In mice lacking the transmembrane portion of Igµ chain (µMT mice), B cell development is 
blocked at the pre-BII cell stage [16]. VH to DH–JH rearrangements can occur, but in the absence of 
membrane-bound pre-BCR, and consequently in absence of cell surface expression of the pre-BCR, 
cells do not proliferate and Igµ chains are not allelically excluded [16,17]. Surprisingly, in mice 
lacking the SLC, B cell development is not totally blocked although pre-BII cells do not proliferate 
and Igµ chains are still allelically excluded [18–20]. These data suggest that the pre-BCR mediates 
two separate functions, i.e., Igµ chain allelic exclusion and pre-BII cell differentiation and expan-
sion. The allelic exclusion process is totally dependent upon Igµ membrane deposition but does not 
involve the SLC. In contrast, the SLC seems to be essential for pre-B cells to enter into cell cycle 
and to differentiate. In addition, Igµ chains that fail to pair with SLC lose the ability to be expressed 
at the cell surface and are counterselected [21], indicating that the SLC is also implicated in the 
selection of an early Igµ repertoire.

These functions require the generation of pre-BCR intracellular signals involving the phospho-
rylation of immunoreceptor tyrosine-based activation motifs (ITAMs) localized on the cytoplasmic 
tails of the CD79a/CD79b molecules, by tyrosine kinases such as Lyn and Syk. In response to this 
phosphorylation, two main signaling pathways are activated. The fi rst is dependent on the tyrosine 
kinase Btk and the adaptor protein SLP-65 and gives rise to the downregulation of the SLC, the IL7 
receptor, and the RAG genes. This pathway stops the proliferation of pre-BII cells and drives their 
development toward immature B cells. The second pathway is Btk/SLP-65-independent and is 
implicated in the proliferation and the survival of pre-BII cells through the Bcl-2 and ERK pathways 
[22]. The pre-BCR induces high proliferation signals, implicating a fi ne regulation of its expression 
at the pre-BII cell surface and a tight control of the signals that are delivered within these cells. In 
line with this, Btk and SLP-65 have been shown to act as tumor suppressor molecules [23].

20.4  PRE-BCR ACTIVATION IS TRIGGERED BY DIRECT BINDING 
TO GALECTIN-1 ANCHORED TO INTEGRINS

Although the signal pathways downstream of the pre-BCR are well characterized, the mechanisms 
implicated in pre-BCR activation are not completely understood and both constitutive [24,25] and 
ligand-induced [26–28] signaling have been described. It has been shown that a fraction of the pre-
BCR is associated with raft structures, leading to its constitutive activation, and that pre-BCR 
engagement enhances this association, resulting in calcium fl ux [29] and changes in protein tyrosine 
phosphorylation [24]. In support of the existence of external pre-BCR ligands, it was demonstrated 
that the murine pre-BCR could specifi cally interact with stromal cell-associated heparan sulfates 
(HS) [27]. Moreover, we reported the identifi cation of the S-type lectin galectin-1 (GAL1), expressed 
by stromal cells, as a human pre-BCR ligand [26].

Galectins are a large family of calcium-independent S-type lectins, widely conserved in ani-
mals, plants, and microorganisms and with specifi city for galactose derivatives. Typically, galectins 
bind to type I Galβ1,3 GlcNAc or type II Galβ1,4 GlcNAc units, often with preference for one of 
these structures and have increased affi nity for lactosamine polymers. To date, 15 galectins have been 
identifi ed in mammals [30,31]. They share at least one carbohydrate recognition domain (CRD) of 
about 135 amino acids. GAL1 consists of a single CRD and occurs naturally as a noncovalent homo-
dimer formed by extended β-sheet interactions across the two monomeric subunits [32]. In adult 
tissues, GAL1 is abundantly expressed in many cell types such as skeletal, smooth, and cardiac muscle 
and from other cells of mesenchymal origin. High GAL1 expression is observed in sensory, motor, 
and olfactory neurons and in stromal cells of hematopoietic and lymphoid organs [33]. Functional 
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studies have implicated galectins in cell growth, differentiation, and apoptosis, in addition to cell 
adhesion, chemoattraction, and cell migration. Galectins can either promote or suppress cell growth, 
depending on the cells, the type of receptors and the doses used [34].

20.4.1 PRE-BCR AND GAL1 INTERACT BY A DIRECT PROTEIN–PROTEIN CONTACT

We have fi rst demonstrated that soluble pre-BCRs, or the SLC alone, are able to interact specifi cally 
with different stromal cell lines derived from normal tissues that sustain B cell differentiation. The 
molecule involved in this interaction was identifi ed by preparative biochemistry followed by mass 
spectrometry, as GAL1, produced by stromal cell lines [26]. By surface plasmon resonance analysis, 
SLC was shown to interact with recombinant GAL1 by direct protein–protein interactions, with an 
affi nity constant of 2 × 106 M−1. It was also determined that one SLC molecule binds to one GAL1 
homodimer. Moreover, preincubation of the SLC with an antiserum against the 50 NH2-terminal 
amino acids of λ-like blocks the binding of SLC to the immobilized GAL1, suggesting that the NH2 
extra loop (EL) of λ-like is the major GAL1-binding site on SLC. These contacts have been con-
fi rmed by isothermal titration calorimetry (ITC), as we demonstrated that the 50 amino acid–long 
λ-like EL peptide specifi cally binds to GAL1. The EL of λ-like contains seven positively charged 
residues conserved between human and mice, which confer very high basic properties to this region. 
By contrast, determination of the electrostatic potential of the GAL1 homodimer shows that GAL1 
is largely acidic, with the exception of the basic β-galactoside-binding sites. Thus, we postulate that 
the conserved positively charged λ-like EL amino acids could interact with the negatively charged 
regions of the GAL1 homodimer, independently of the two sugar pockets that account, as presented 
below, for the binding of GAL1 to glycosylated integrin counterreceptors [35,36]. The direct SLC 
binding to GAL1, with a binding site independent of the CRD carbohydrate pocket, is an interesting 
observation since extracellular galectins most frequently bind to their targets in a sugar-dependent 
manner. However, direct protein–protein interactions have been reported for various intracellularly 
expressed galectins [37,38].

20.4.2  FORMATION OF A LATTICE BETWEEN PRE-BCRS, GAL1, 
AND INTEGRINS WHEN PRE-B CELLS INTERACT WITH STROMAL CELLS

SLC/GAL1 interactions have also been analyzed in the context of pre-B and stromal cells contact. 
During pre-B/stromal cell cocultures, pre-B cells establish close interactions with stromal cells and 
a clear and remarkable translocation of the pre-BCR is observed at the contact zone between the two 
cells. Labeling of GAL1 shows a patchy distribution all over the stromal cell surface, whereas GAL1 
is homogeneously distributed at the cell surface of pre-B cells not in contact with stromal cells and 
concentrates at the contact zone between interacting pre-B and stromal cells. Thus, the stromal cell-
derived GAL1 is mainly polarized at the contact zone between pre-B and stromal cells, indicating 
that almost all GAL1 counterreceptors are relocalized in this area. Double GAL1 and SLC labeling 
shows that GAL1 and the pre-BCR colocalize and are polarized at the contact area between the two 
cells, with a molecular surface organization presenting the characteristics of a synapse. Pre-BCR 
relocalization is dependent upon GAL1 anchoring to glycosylated counterreceptors expressed by 
stromal and pre-B cells and we showed that pre-BCR-GAL1–counterreceptor complexes completely 
relocalize at the contact zone between the two cells. This “immune developmental synapse” is 
accompanied by the initiation of intracellular tyrosine kinase activity and signal transduction from 
the pre-BCR, as revealed by the phosphorylation of CD79a ITAMs [26].

Recently, we identifi ed α4β1 (VLA-4), α5β1 (VLA-5), and α4β7 integrins by biochemical and 
confocal analysis as major GAL1 glycosylated counterreceptors involved in synapse formation. 
Integrins in the synapse are present in their active conformation, as revealed using a conformational-
specifi c anti-β1 integrin mAb. GAL1 has been already shown to bind via its CRD to members of the 
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integrin family, such as α7β1 [39] or β1 integrin [40]. We also identifi ed ADAM15, fi bronectin, 
and possibly VCAM1 as integrin ligands expressed by stromal cells and present at the intercellular 
junction between pre-B and stromal cells. Confocal microscopy analysis revealed that pre-B cell 
integrins and their stromal cell ligands, together with the pre-BCR and GAL1, form a homoge-
neous lattice at the contact area between pre-B and stromal cells. Finally, we demonstrated that 
cross-linking of β1 integrins expressed by pre-B cells, in the presence of GAL1, is necessary and 
suffi cient for driving pre-BCR recruitment into the synapse. Pre-BCR clustering is followed by Lyn 
recruitment to CD79a and by Lyn and CD79a phosphorylation, leading to initiation of pre-BCR 
signaling [35].

20.5 FUNCTIONAL ROLE OF THE PRE-BCR/STROMAL CELL SYNAPSE

We proposed that formation of the pre-B/stromal cell synapse proceeds in two steps (Figure 20.2): 
(1) the stromal cell-derived GAL1 binds to glycosylated pre-B cell integrins and to pre-BCRs and 
(2) the active relocalization of pre-B cell integrins, mediated by their interactions with stromal cell 
ligands, drives pre-BCRs relocalization into the synapse. Our data suggest that the lattice generated 
by integrin-GAL1–pre-BCR interactions could reinforce the adhesion of B cell precursors on 
stromal cells and may regroup the different pre-BCRs into the synapse in order to reach the activation 

FIGURE 20.2 (See color insert following blank page 170. Also see CD for color fi gure.) Model of pre-
BCR signaling. GAL1 secreted by stromal cells is captured by relocalizing pre-B cell integrins interacting with 
their ligands on stromal cells and by pre-BCRs. The active integrin relocalization in the presence of GAL1 drives 
the pre-BCR into the pre-B/stromal cell synapse, leading to formation of a homogeneous lattice and initiation 
of pre-BCR signaling. Synapse formation and pre-BCR clustering are necessary for pre-B cell differentiation 
and proliferation. (From Gauthier, L., Rossi, B., Roux, F., Termine, E., and Schiff, C., Proc. Natl Acad. Sci. USA, 
99, 13014, 2002; Rossi, B., Espeli, M., Schiff, C., and Gauthier, L., J. Immunol., 177, 796, 2006.)
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threshold necessary to initiate pre-B cell development programs. Indeed, in SLC mutant mice, the 
pre-BII population is deeply decreased [20], suggesting that pre-BCR clustering and activation 
could be essential for the cycling initiation of large pre-BII cells and for promoting large to small 
pre-BII cell differentiation.

In humans and mice, pre-BCR expression and activation are essential for both pre-B cell dif-
ferentiation and proliferation, but differences are observed between the two species. In the mouse, 
as mentioned above, Jäck and coworkers demonstrated that HS interact with the pre-BCR [27] but 
in humans, our preliminary experiments indicate that HS are not pre-BCR ligands (unpublished 
observations). In mice, the importance of IL-7 for pre-B cell proliferation leads to the hypothesis 
that HS, which bind to the pre-BCR and also to IL-7, may participate in the recruitment of cells 
expressing the pre-BCR into specialized IL-7-expressing BM niches. In this species, synapse forma-
tion between pre-B and stromal cells is also dependent of the presence of GAL1 and of glycosylated 
integrins, as we showed using mouse pre-B cell lines but also pre-BII cells isolated from normal BM 
([36] and unpublished observations). Thus in mice, HS and GAL1 could act synergistically to pro-
mote pre-B cell differentiation and proliferation through the pre-BCR and the IL-7R, respectively. 
As human pre-B cells are not dependent on IL-7 for B cell differentiation/proliferation, requirement 
of HS could be less important for their development. Synapse formation, which leads to pre-BCRs 
clustering and activation, probably conditions both pre-B cell differentiation and proliferation [36].

20.6  STROMAL CELL MICROENVIRONMENT FOR PRE-B CELL 
DIFFERENTIATION AND PROLIFERATION

In addition to providing a physical support, BM stromal cells secrete soluble factors (IL-7, CXCL12, 
SCF, Flt-3L), which regulate precursor B cell growth, maturation, and survival [11,41,42]. A recent 
report by Tokoyoda et al. has shown that the spatial repartition of stromal and early B cell progeni-
tors follows a strict and coordinated regulation [43]. CXCL12-expressing cells represent a small 
population of stromal cells, scattered throughout the BM and located at some distance from the 
stromal cells expressing IL-7. Hematopoietic progenitors are attached to the processes of CXCL12-
expressing cells and early B cell progenitors adjoin their cellular bodies. When pre-BI cells, which 
require IL-7 for cell proliferation develop, they move away from CXCL12-producing cells and are 
found adjacent to IL-7-expressing cells. It remains to be determined if IL-7-expressing stromal cells 
secrete also GAL1 or if neighboring IL-7 and GAL1-expressing cells coexist. As mentioned before, 
at least for the mouse system, IL-7 and GAL1-expressing cells may constitute a favorable BM niche 
indispensable for pre-BII cell proliferation and selection.

For B cell precursors, the stimulation and the transducing mechanisms that control integrin 
activation are poorly understood. Integrins could favor the activation of the pre-BCR by inducing 
its clustering, but also by decreasing the threshold of pre-BCR activation. Indeed, for mature 
B cells expressing a functional BCR, it was shown that recruitment of the LFA1 integrin into the 
synapse formed between B cells and antigen-presenting cells facilitated BCR signaling by diminishing 
the threshold of BCR-dependent signaling [44]. Pre-BII and stromal cell adhesion could also be 
favored by the specialized cellular environment. Indeed, BCR stimulation was reported to activate 
integrins, leading to enhanced adhesion by an inside-out phenomenon dependent on Btk and PLCγ2 
expression [45]. As integrin recruitment in the pre-B/stromal cell synapse in the presence of GAL1 
conditions pre-BCR activation, we postulate that such activation could, in return, favor integrin 
activation, thus contributing to enhance the adhesion of pre-BII cells into specialized BM stromal 
cell niches.

20.7 CONCLUSION AND FUTURE DIRECTIONS

When pre-B cells adhere to BM stromal cells, GAL1 creates a link between pre-B cell integrins and 
pre-BCRs, leading to lattice formation, pre-BCR clustering, and activation. The precise role of such 
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activation and the implication of GAL1 in this process in vivo remain to be determined. The identi-
fi cation of BM-derived pre-BCR ligand highlights the role played by stromal cells in the early steps 
of B cell differentiation. Moreover, as it was recently demonstrated for hematopoietic stem cells, 
cellular niches within the BM deliver essential cytokines/chemokines and concentrate molecules 
essential to induce close contacts with B cell progenitors and to sustain their development.

For the evolutionary point of view, Pelanda et al. have proposed that the pre-BCR could have 
evolved from an autoreactive BCR able to generate a cellular compartment devoted to effi cient IgL 
rearrangements, an equivalent of the present receptor editing compartment, in order to improve the 
effi ciency of antibody diversifi cation [46]. The identifi cation of GAL1, a molecule widely expressed 
and highly conserved between species, as a pre-BCR ligand could be in agreement with this hypoth-
esis. Interestingly, the human IgL lambda, VpreB, λ-like, and GAL1 genes are located on the same 
genetic region, on chromosome 22 between q11 and q13 bands [47,48] and thus could have been 
subjected to concomitant evolutionary events.
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21.1 INTRODUCTION

Galectins (Gal) are a family of proteins characterized by a ~130 amino acid carbohydrate recognition 
domain (CRD) with binding specifi city for β-galactosides [1]. The galectins are widely expressed in 
vertebrate tissues, and galectin family expansion with the evolution of multicellular eukaryotes is 
also accompanied by increases in complex N-glycan structural diversity [2,3]. Mammalian galectins 
are classifi ed into three groups: The single CRD group (Gal-1, -2, -5, -7, -10, -11, and -13), the 
tandem-repeat group (Gal -4, -6, -8, -9, and -12), and the chimeric group that includes only Gal-3 
with a single CRD and a ~120 amino acid N-terminal proline- and glycine-rich domain with homology 
to collagen α1 [4].

21.2  GALECTINS BIND N-ACETYLLACTOSAMINE, COMMON 
TO MANY GLYCOPROTEINS

Galectin CRDs bind to the minimal N-acetyllactosamine disaccharide, requiring the 4-OH and 6-OH 
of galactose, and 3-OH of GlcNAc [5]. Binding affi nities for N-acetyllactosamine range from 30 µM 
to >1 mM for different galectins [6]. Binding of Gal-1, -3, and -8 to the different CHO glycosyla-
tion mutants revealed that complex N-glycans on glycoproteins at the cell surface are the major 
ligands for these galectins [7]. Addition of the N-acetyllactosamine units begins with GlcNAc 
branching, catalyzed in the medial Golgi by N-acetylglucosaminyltransferases (encoded by 
Mgat1, Mgat2, Mgat3, Mgat4a/b, and Mgat5) [8]. With the exception of the product of GlcNAc-
TIII (Mgat3), the GlcNAc antennae are extended with β-1,4 galactose to form N-acetyllactosamine 
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antennae. N-acetyllactosamine-branched N-glycans are further elongated to varying degrees with 
poly(N-acetyllactosamines) in the trans Golgi, producing a series of complex N-glycans with differ-
ing affi nities for galectins [6]. Gal-3, Gal-8, and Gal-9 display increasing affi nities for N-glycans as 
a function of N-acetyllactosamine branching and extension, reaching <1 µM. However, increases in 
N-acetyllactosamine content of N-glycans only modestly enhance binding to Gal-1 [6].

Gal-3 forms multimers with positive cooperativity upon binding to synthetically tethered glycans, 
suggesting that glycan densities and affi nities on glycoproteins may be the major driving force of Gal-3 
oligomerization [9,10]. The N-terminal domain of Gal-3 is susceptible to proteolysis by metalloprotei-
nases [11], which has been shown to interfere with multimer formation. Gal-3 is subjected to addi-
tional levels of regulation, notably phosphorylation at Ser6 reduces binding to ligands [12]. Gal-3 
secretion occurs by vesicular release from the cytoplasm, independent of the endoplasmic reticulum 
(ER) and Golgi secretory networks [13]. This suggests that Gal-3 binding to glycoprotein occurs after 
their export to the cell surface by physically independent pathways. In polarized epithelial cells, Gal-3 
promotes apical localization of glycoproteins in a lipid raft-independent manner [14].

The addition of recombinant galectins to cells in culture has been shown to perturb many phe-
notypes, which in many cases, are dependent on CRD function as shown by the negation of these 
effects by competition with lactose [15]. Galectins have been implicated in cell cycle progression, 
apoptosis, T cell activation, signal transduction, tumor progression, and cell migration [15]. Galectin-
8-coated substratum stimulates integrin-mediated spreading, Erk/PI3K signaling, and F-actin reor-
ganization in a similar fashion to that of cells on fi bronectin, while soluble Gal-8 binds to β1 integrin 
and antagonizes adhesion and signaling [16]. Exogenous Gal-8, requiring its CRD, induces neutro-
phil adhesion, metalloproteinase-9, and superoxide production comparable to stimulation with 
fMLP peptide [17]. Consistent with the stoichiometry required for multimer formation, Gal-3 added 
to mammary carcinoma cells promotes focal adhesion signaling and cell motility with a tight con-
centration optimum [18]. Galectins bind a variety of glycoproteins on the surface of various cell 
types including integrin β1, laminin, fi bronectin, lysosomal associated membrane glycoprotein 
[LAMPs], and signaling receptors [13,19]. Although N-acetyllactosamine is a common structure in 
N- and O-linked glycans on glycoproteins, galectin family members show differences in affi nities 
for glycans and capacity to multimerize, which may result in qualitatively different multimeric com-
plexes with distinct glycoprotein constituents [20]. In this regard, exogenous Gal-1 and Gal-3 show 
binding preferences for different glycoproteins and can induce different death pathways in T cells. 
CD45 and CD71, but not CD29 and CD43, are implicated in galectin-3-induced T cell death, while 
CD7 is required for galectin-1-induced death [21]. The mechanism by which glycoprotein binding 
specifi city is determined by different galectins requires further investigation.

21.3  DYNAMICS OF GALECTIN–GLYCOPROTEIN INTERACTIONS 
AT THE CELL SURFACE

Since complex N-glycans are found on most cell surface glycoproteins, their relative affi nities for 
galectins may be a critical upstream regulator of galectin functions. Galectins with 2 CRDs or single 
CRD and self-association domains induce formation of molecular lattices by interacting with multi-
valent ligands [20]. Transmembrane glycoproteins commonly have multiple N-glycans (e.g., epithe-
lial growth factor receptor [EGFR] has 8/11 sites occupied), and therefore, can act as multivalent 
ligands for galectins [22,23]. N-glycan processing generates a mixed population of N-glycans at 
each N-X-S/T position due to the inherent ineffi ciency of the Golgi pathway. The GlcNAc-branch-
ing enzymes display decreasing affi nities for common donor UDP-GlcNAc and lower concentration 
levels stepwise down the pathway (Figure 21.1). Secondly, transit of glycoproteins through the 
Golgi limits their exposure time to the enzymes, and thus, reactions are incomplete. As a result, the 
kinetic and physical properties of GlcNAc branching and extension are major sources of N-glycan 
structural heterogeneity on cell surface glycoproteins. Glycoprotein isoforms with different com-
binations of N-glycans at each site, termed glycoforms, have distinct binding kinetics for galectin. 

7269_C021.indd   2867269_C021.indd   286 9/6/2008   2:40:44 PM9/6/2008   2:40:44 PM



Golgi N-Glycan Processing and Galectin Functions  287

Due to the lack of allosteric interaction between individual N-glycans, the on-rate of glycoprotein-to-
lattice binding can be estimated as proportional to Σkon of all N-glycans on the glycoprotein. Once a 
glycoprotein is bound to a highly multivalent lattice, the effective off-rate (koff-effective) is lower than 
expected from monomeric interactions in solution (Figure 21.2A) [3]. Allovalency, also termed 
avidity in the context of antibody–antigen interactions, occurs because of a high local concentration 
of potential interaction sites available to recently unbound ligands. The high amount of local interac-
tion sites results in higher probabilities of rebinding than can be expected from independent mon-
ovalent interactions with the same number of binding sites. Thus, the overall avidities (kon/koff-effective) 
of glycoforms for lattice binding are enhanced many fold by multivalent galectin interaction with 
multivalent glycoproteins.

Complex N-glycans facing the solvent display rotational freedom about the glycosidic linkages 
of the trimannosyl-core and are generally not restrained by the protein [24], which allows a range of 
geometries for galectin cross-linking. Transmembrane glycoproteins are confi ned in a planar manner, 
enhancing the amount of ligand available for high-density cross-linking by galectins. At critical 
concentrations of multimeric ligand and optimal cross-linking by Gal-3 results in Gal-3 pentamers, 
a nonsymmetrical arrangement that permits diverse connections and lattice geometries [10]. Consid-
ering the situation where a newly exported glycoprotein encounters an existing galectin lattice on the 
cell surface, affi nity (kon) and avidity (affi nity enhancement due to rebinding koff-effective) are dependent on 
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the number of N-glycans (n), which is a sequence encoded feature of each glycoprotein defi ned by 
N-X-S/T motifs, their substitution effi ciencies by ER oligosaccharidyltransferase, as well as 
GlcNAc-branching and poly(N-acetyllactosamine) extensions in the Golgi [3].

21.4 SIGNALING RECEPTORS, Gal-3 AND Mgat5, IN CANCER CELLS

Transformation-dependent increases in Mgat5 gene expression [25,26] and corresponding 
β1,6GlcNAc-branching of N-glycans are associated with poor prognosis in cancer patients [27,28]. 
Similarly, Gal-3 levels increase with transformation and is associated with tumor cell metastasis 
[29]. Overexpression of either Gal-3 or Mgat5 in epithelial cells confers tumorigenicity and metastatic 
potential in nude mice [30]. Interestingly, microarray analysis indicated that a variety of subsystems 
are affected by Gal-3 overexpression including oxidative stress, cell cycle regulation, and cytoskeleton 
remodeling [31].

Consistent with a pleiotropic effect of Gal-3 and N-glycan ligands, we have shown that Mgat5-
defi cient mammary tumors in the polyomavirus middle T (PyMT) transgenic model are less respon-
sive to IGF, EGF, PDGF, FGF, and TGF-β due to a shift in receptors from the cell surface to the 
endosomes [19]. The PyMT oncoprotein is a lipid-linked adaptor protein that recruits p85 and Shc, 
thus activating phosphoinositide 3-kinase (PI3K) and Ras/Erk signaling [32]. PI3K signaling stimu-
lates cytoskeleton remodelling, endocytosis, and metabolism, and Ras/Erk promotes cell prolifera-
tion. Redistribution of receptors to the endosomes and caveolae can be induced in the wild-type 
tumor cells by disrupting galectin binding with lactose, but not sucrose [19]. Sensitivity to cytokines 
is completely rescued by blocking coated-pit and caveolae endocytosis with K+ depletion and nys-
tatin, respectively. PyMT Mgat5−/− mammary carcinoma cells display reduced metastasis in vivo and 
retain an epithelial morphology in tissue culture, while PyMT Mgat5+/+ tumor cells appear mes-
enchymal. Tumor cells remain dependent on extracellular cues to polarize the cytoskeleton and 
promote the epithelial-to-mesenchymal transition (EMT) phenotype of invasive carcinomas [33]. 
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Notably, EMT requires a balance of both membrane proximal and nuclear signaling by receptor 
tyrosine kinase (RTK)/Erk/PI3K and TβR/Smad2 pathways, as described further below [34,35]. 
Expression of Mgat5 from a retroviral vector in PyMT Mgat5−/− cells rescued both sensitivity to 
cytokines and EMT, suggesting that Mgat5 is necessary to induce the invasive phenotype in 
PyMT-transformed mammary epithelial cells [19].

Although primary mammary tumor formation is delayed in Mgat5−/− PyMT transgenic mice, 
Mgat5+/+ and Mgat5−/− tumor cells grow at similar rates in tissue culture and as solid tumors when 
injected into mice [36]. This suggests that secondary genetic or epigenetic changes in Mgat5−/− 
tumor may compensate for growth factor insensitivity. In this regard, caveolin-1 (Cav-1) expression 
is commonly decreased in advanced Mgat5−/− PyMT tumors, but not in Mgat5-expressing PyMT 
tumors [37]. Loss of caveolin-1 in Mgat5−/− PyMT tumor cells was shown to be associated with 
improved sensitivity to EGF. Cav-1 functions as a negative regulator of RTK signaling and is con-
centrated in cholesterol lipid rafts [38]. The caveolin scaffolding domain (residues 82–101) medi-
ates its own oligomerization and binding to a conserved caveolin-binding motif in many signaling 
proteins [39]. Cav-1-defi cient mice show enhanced progression of PyMT mammary tumors, as well 
as increases in mammary and intestinal stem cell proliferation [40,41]. Ectopic expression of Cav-1 
in Mgat5−/− PyMT tumors suppressed sensitivity to EGF, but overexpression in Mgat5+/+ PyMT 
tumor cells had no effect [37].

Fluorescence recovery after photobleaching (FRAP) was used to compare the effect of the 
galectin lattice and Cav-1 on the lateral mobility of EGFR–YFP fusion protein [37]. An area of 
the cell surface is photobleached and the time to recover the bleached area is quantifi ed. In wild-
type cells, fi rst-order diffusion rates of EGFR–YFP mobility is enhanced by lactose pretreatment, 
consistent with the role of the galectin lattice in restricting glycoprotein diffusion. Comparison of 
Mgat5+/+ and Mgat5−/− tumor cells indicates that expression of β1,6GlcNAc-branched N-glycans 
slows EGFR–YFP mobility by several fold. However, Cav-1 overexpression in Mgat5−/− cells 
increased the immobile fraction, while fi rst-order diffusion rates remained similar, indicating that 
Cav-1 sequesters EGFR in a stable microdomain, distinct in this regard from the galectin lattice. 
Mgat5−/− (9) cells, which display markedly suppressed EGFR signaling [19] express intermediate 
levels of endogenous Cav-1, while Mgat5−/− (10) cell line derived from a rapidly progressed tumor 
are completely defi cient in Cav-1 and display responsiveness to EGF. Expression of Cav-1 in 
Mgat5−/− (10) cells suppressed EGFR signaling and increased the proportion of the FRAP immo-
bile fraction, generating a phenotype similar to that of the Mgat5−/− (9) cells. Moreover, loss of 
Cav-1 expression correlates with primary tumor size in PyMT Mgat5−/− mice but not in PyMT 
Mgat5+/− littermates [37]. These studies suggest that Cav1 loss is advantageous to tumor auton-
omy only when β1,6GlcNAc-branched N-glycans are below a threshold for optimal lattice forma-
tion, possibly a situation that occurs early in tumor formation before Mgat5 gene expression is 
upregulated by Ras pathway activation [37]. Reduced mobility of receptors conferred by galectin 
cross-linking decreases the fraction of receptors lost to coated-pit endocytosis and Cav-1-positive 
rafts. The lattice appears to be a signifi cant factor for maintaining sensitivity to cytokines in pro-
liferating and motile cells, including tumor cells, macrophage, and activated T cells [19]. These 
FRAP studies combined with surface cross-linking and downstream signaling experiments sug-
gest that galectins can sequester receptors in a ligand-responsive state, in what appears to be a 
distinct membrane microenvironment.

21.5 ENDOCYTOSIS, N-GLYCANS, AND RECEPTOR REGULATION

Glycoprotein levels at the cell surface are dependent on endocytosis rates, vesicular traffi cking, and 
recycling back to the cell surface [19]. Structural features of transmembrane glycoproteins promote 
internalization from the surface, such as binding sites in the cytosolic tail for β-arrestin, ubiqitination, 
and AP1/AP2 clathrin adaptor proteins [42–44]. TGF-β receptor II (TβRII), cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4), and glucose transporter-4 (GLUT4) are examples of glycoproteins with 
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AP1/AP2 adaptor-binding motifs that promote rapid constitutive endocytosis and increased resi-
dency in the endosomes [45–47]. Constitutive endocytosis is stimulated by RTK signaling and onco-
genic activation of Src and PI3K family members, which have a tendency to reduce receptors at the 
cells surface [48–50]. Strengthening of the galectin lattice opposes the loss of the receptors, an effect 
that may be driven by PI3K/Akt- and Ras/Erk-dependent increases in Mgat5 gene expression and 
metabolic fl ux through the hexosamine pathway [25,26,51]. However, stimulation of endocytosis 
occurs within 5–15 min by RTK, while turnover of glycoproteins to alter the N-glycan composition 
at the cell surface is likely to require hours [52]. Thus, strengthening the galectin lattice is protracted 
relative to upregulation of endocytosis, and initially, this allows glycoproteins with low galectin 
binding affi nity (low number of N-glycans n < 5) to be preferentially depleted from the surface rela-
tive to those that have more N-glycans (n ≥ 5). Feedback to Mgat5 gene expression and metabolite 
fl ux to the hexosamine pathway enhances tri- and tetraantennary N-glycans, eventually restoring 
low n receptors to the surface. Considering functional differences between glycoproteins with dif-
ferent number of N-glycans, this mechanism can establish a time-dependent order of activation 
of functionally distinct pathways [3].

Remarkably, receptor kinases that stimulate cell proliferation and promote oncogenesis (e.g., 
EGFR, PDGFR, FGFR, IGFR, etc.) tend to have high numbers and densities of Asn-X-Ser/Thr 
(X ≠ Pro) motifs, compared to receptor kinases mediating tissue morphogenesis and arrest (TβR, 
EPHR, TIE1, etc.) [3]. Thus, high n receptors (growth/anabolic) are more readily retained at the 
cell surface in the lattice, while low n receptors (arrest/differentiation) require either low constitu-
tive endocytosis rates or upregulation of Golgi N-glycan branching or both for optimal levels of 
surface retention. Therefore, initial increases in endocytosis following RTK stimulation of quies-
cent cells depletes glycoproteins critical to negative growth regulation, but with increasing feed-
back to the N-glycan processing and hexosamine pathways, arrest glycoproteins and homeostasis 
are restored (Figure 21.3).

The degree of N-glycans branching pathway is limited by UDP-GlcNAc concentrations in the 
medial Golgi [53,54]. UDP-GlcNAc, the common donor substrate for all branching GlcNAc-Ts, is 
generated by the hexosamine pathway from glucose, glutamine, and acetyl-CoA, key intermediates 
of glycolysis, fatty acid, and nitrogen metabolism [55]. UDP-GlcNAc is synthesized in the cytosol 
and transported into the Golgi reaching millimolar concentrations [56]. The N-glycan branching 
GlcNAc-Ts (Mgat1, 2, 4, 5) display stepwise declining affi nities for UDP-GlcNAc (0.04–10 mM) as 
well as declining enzyme concentrations (Figure 21.1). The transit of glycoproteins through the 
Golgi limits their exposure time to the resident enzymes. Together, these features result in multistep 
ultrasensitivity to UDP-GlcNAc for tri- and tetraantennary N-glycan production [3]. An ultrasensi-
tive response is characterized by a sigmoid-shaped curve, notably a delay than a sharp rise in output 
over a narrow range of stimulus, where the steepness of the rise as defi ned by the Hill coeffi cient 
(nH) is >> 1 [57]. In contrast, the common Michaelis–Menten relationship for simple one-step 
substrate–product relationship produces a hyperbolic response curve (nH∼1). Ultrasensitive path-
ways deliver switch-like (all-or-none) responses as observed in other biological systems, notably 
cell cycle progression induced by Raf-Mek-Erk signaling in Xenopus oocytes [58], and multisite 
phosphorylation of Sic1 driving mitotic progression in yeast [59].

Tri- and tetraantennary N-glycan production exhibit switch-like responses to increasing UDP-
GlcNAc in nontransformed epithelial cells, where GlcNAc-TIV and -TV activities are limiting rela-
tive to GlcNAc-TI and -TII. For glycoproteins with one or a few N-glycans (n < 5), the fractional 
increase in glycoforms with these structures mirrors the Golgi pathway response profi le (i.e., ultra-
sensitive). In turn, this fraction has a higher affi nity for the galectin lattice, and increases at the sur-
face with similar ultrasensitivity (Figure 21.2B). For example, GLUT4 (n = 1) is recruited from 
endosomes to the cell surface in a switch-like manner with increasing hexosamine fl ux, but recruit-
ment is blocked by mutation of the single N-X-S/T motif [3]. However, for glycoproteins with high 
numbers of N-glycans (n ≥ 5), Golgi processing increases glycoform numbers exponentially, pro-
ducing more glycoforms with wider ranges of avidities for the galectin lattice. For these high n 
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glycoproteins, more glycoforms have minimal avidity and associate with the lattice at basal concen-
tration of UDP-GlcNAc (~1.5 mM), whereas the remaining unassociated molecules are then recruited 
to the lattice in a graded manner with increasing UDP-GlcNAc (Figure 21.2A and B). Thus, ultra-
sensitivity to UDP-GlcNAc for high-affi nity N-glycan production is effectively suppressed for 
surface recruitment of glycoproteins with high n [3].

Experimental results and computational modeling with high n and low n receptors indicate that 
hexosamine fl ux to the galectin/glycoprotein lattice has the potential to regulate transitions between 
growth and arrest signaling. TGF-β is widely expressed and has picomolar affi nity for TβRI/II 
receptor complex. Hence, changes in receptor numbers over a narrow range can control threshold 
levels of Smad2/3 activation. TβRI/II is rapidly recycled between the surface and endosomes, inde-
pendent of their activation by ligand. Hence, downstream TGF-β signaling is particular sensitive to 
receptor regulation by traffi cking [60]. For TβR (n = 2) and CTLA-4 (n = 2) in T cells, surface recep-
tors can be increased to levels that are functionally dominant for cell arrest by lattice upregulation 
(Figure 21.2B) [3]. At the same time, surface levels of growth-promoting high n RTKs are also 
maintained by the lattice, which may serve to prime cells for a shift to more favorable growth condi-
tions later. However, increased Mgat4/5 expression, common in oncogene-transformed cells, 
enhances overall N-glycan affi nities for galectins and increases lattice association of high n RTKs, 
possibly to levels that cannot be suppressed by TβR and other negative regulators.
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FIGURE 21.3 (See color insert following blank page 170. Also see CD for color fi gure.) Model of 
galectin lattice and Cav-1 microdomains to regulate surface glycoproteins residencies and downstream path-
ways. Growth factor receptors (RTKs) have high numbers of N-glycans, and therefore, high affi nities for sur-
face galectins, while TGF-β receptors I and II have low multiplicities (n = 1 and 2). Glycoforms generated in 
the Golgi are above (R*) or below (R) the affi nity threshold for stable association with the galectin lattice. 
Glycoproteins maintained in the lattice are protected from loss into the endocytic compartments or Cav-1 
positive lipid rafts. In Mgat5−/− cells, insuffi cient positive feedback to growth signaling (black) results in a 
predominance of arrest signaling (red). In wild-type cells, (1) stimulation of RTKs in quiescent cells, (2) 
increases PI3K signaling, and promotes f-actin remodeling and preferential internalization of low n receptors. 
(3) This enhances positive feedback to the hexosamine pathway/N-glycan processing, which leads ultimately 
to (4) increasing TβR association with galectins and autocrine arrest signaling. (Adapted from Lau, K., Par-
tridge, E.A., Silvescu, C.I., Grigorian, A., Pawling, J., Reinhold, V.N., Demetriou, M., and Dennis, J.W., Cell, 
129, 123, 2007.)
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Regulation of growth and arrest by hexosamine fl ux to the galectin/glycoprotein lattice may 
serve as an intermediate for adaptation of cellular responses to the nutrient environment in vivo [3]. 
In keeping with this idea, primary Mgat5−/− mouse embryonic fi broblasts (MEFs) and stem cells 
display less RTK/PI3K/Erk and more TGF-β/Smad signaling, an imbalance favoring growth arrest 
[61]. Glucose uptake by Mgat5−/− MEFs is impaired, particularly under low serum or low glucose 
growth conditions. Moreover, Mgat5-defi cient mice are resistant to weight-gain on a calorie-enriched 
diet, while calorie intake and physical activity are the same as Mgat5+/+ littermates. Mgat5-defi cient 
mice are hypersensitive to fasting, mildly hypoglycemic, and display increased oxidative respira-
tion. In these mice, self-renewal of muscle satellite cells and bone marrow osteogenesis are limited, 
and this is associated with early osteoporosis and other aspects of aging. Imbalances in stem cell and 
tissue renewal are features of mice defi cient in Rho GTPase Rac1, Pten phosphatase [62–64], and 
p53 [65–67]. Thus, β1,6GlcNAc-branched N-glycans appear to promote anabolic metabolism and 
tissue renewal in vivo, possibly by maintaining homeostasis in growth and arrest signaling [3,61].

In addition to cell-autonomous effects of Mgat5 defi ciency on glucose homeostasis, systemic 
regulation by insulin, glucagons, or other peptide hormones may contribute to the Mgat5−/− meta-
bolic phenotype. In this regard, the Mgat4a−/− mice display a predisposition to type II diabetes, and 
their pancreatic β cells are defi cient in glucose-stimulated insulin secretion due to a reduction in 
galectin binding and surface retention of GLUT2 [68]. We have shown that hexosamine fl ux enhances 
surface expression of GLUT4 in HEK293T cells in an N-glycan-dependent manner, suggesting the 
possibility that other nutrient and ion transporters may be dependent on metabolic fl ux to N-glycan 
branching [3]. N-glycan branching changes with the turnover of glycoproteins and occurs on a 
longer timescale than changes in ionic and metabolic fl uxes. More generally, regulation of metabolic 
fl ux, ion channel function, and signaling occurs on small timescales, but must be integrated with 
long-term cellular responsiveness to growth and arrest cues, which we suggest, depends on the con-
tinual fi netuning of N-glycan modifi cations.

Pathologically high glucose conditions increase UDP-GlcNAc levels, as observed in the muscle 
of GLUT1 transgenic mice [69]. Glutamine:fructose-6-phosphate amidotransferase (GFAT) activity, 
a rate-limiting enzyme in the hexosamine pathway, is also increased in these mice. However, adapta-
tion to starvation conditions is a more important consideration from an evolutionary point of view. 
In cell culture, low glucose conditions enhances UDP-GlcNAc levels and β1,6GlcNAc-branched 
glycans at the cell surface, possibly due to a slowing of membrane turnover and glycoprotein transit 
through the Golgi. During short-term glucose starvation, increased oxidative metabolism and reac-
tive oxygen species (ROS) production leads to oxidation of glyceraldehyde-3-phosphate dehydroge-
nase, diverting fructose-6-phosphate from glycolysis into the hexosamine pathway [70]. Also, a shift 
from anabolic to catabolic metabolism increases acetyl-CoA and glutamine availability to GFAT, 
which are both limiting substrates for UDP-GlcNAc biosynthesis. Low-glucose conditions also 
reduces dolichol-pp-oligosaccharide levels, and induces the PERK ER stress response, which slows 
protein synthesis and thereby restores balance between protein synthesis and glycosylation [71]. 
However, in prolonged low-glucose conditions, the effi ciency of N-X-S/T occupancy is reduced 
along with surface residency of EGFR [72]. Therefore, cotranslational glycosylation in the ER and 
subsequent Golgi processing depends ultimately on metabolite fl ux- to sugar–nucleotide pools. Dif-
ferential use of N-X-S/T sites can be expected to alter Golgi-dependent regulation, but should main-
tain the relationship between low and high n glycoproteins.

Galectins family members and their complex N-glycan ligands are widely expressed in mam-
malian tissues [13,15], and given that they interact, defi ciencies in either may produce similar 
phenotypes. Single-gene defi ciencies in Gal-1 and Gal-3 as well as Gal-1/Gal-3 compound mutant 
mice are viable and fertile [73], but display subtle phenotypes revealed under stress and with age. 
In Gal-3−/− mice, reepithelialization of wounds is slower [74], diabetic autoimmune glomerulopa-
thy is accelerated [75], and peritoneal infl ammation, macrophage spreading, and motility are 
reduced [76]. Liver injury in Gal-3−/− induces the usual infl ammatory cytokines, but hepatic satellite 
cells are less sensitive to TGF-β correlating with less hepatic fi brosis in the mice [77]. Both 
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Gal-3−/− and Mgat5−/− mice display age-related skeletal defects and failure of renewal. Chondro-
cyte survival is defi cient in Gal-3−/− mice [78], while bone marrow osteoprogenitor cells are 
decreased in Mgat5−/− mice, accompanied by early osteoporosis [51]. These results are consistent 
with the notion that β1,6GlcNAc-branching and Gal-3 interact in vivo, and both are partially lim-
iting for stem cell survival and tissue renewal. Mgat5−/− mice also have a metabolic defect with 
increased oxidative respiration, and low-grade infl ammation associated with increased sensitivity 
to autoimmune disease, which may contribute to early aging [61]. Gal-3 and Mgat5 compound 
mutant mice might display enhancement for some defects, although this remains to be further 
examined.

21.6  REGULATION OF EPITHELIAL-TO-MESENCHYMAL TRANSITION 
IN CANCER CELLS BY N-GLYCAN PROCESSING

Oncogenes such as viral PyMT, constitutively activated Ras, and loss of a Pten allele generally act 
downstream of the cell surface and reduce the need for extracellular growth factors for proliferation. 
However, responses to growth factors and TGF-β are still necessary to promote EMT, the phenotype 
that characterizes invasive carcinomas [33]. Importantly, EMT in cancer cells requires both path-
ways in balance to polarize the cytoskeleton and to sustain cell proliferation [33]. In focal adhesions, 
RTKs and integrin clustering stimulate CDC42/Rac GTPases, while TGF-β binding to TβRII pro-
motes degradation of RhoA [35]. However, ligand binding to TβRII also stimulates phosphorylation 
of TβRI and in turn Smad2/3, promoting binding to Smad4 and translocation of the complex to the 
nucleus. The Smad complex associates with other transcription factors and decreases c-Myc and 
increases p21Cip1 and p15INK4a gene expression, promoting cell cycle arrest [79,80]. In opposition to 
TGF-β signaling, RTK/PI3K/Erk activation of cyclinD/Cdc4 kinase phosphorylates Rb, inducing 
growth, with Smad2/3 blocking its activity [81]. EMT was rescued in Mgat5−/− tumor cells by 
GlcNAc supplementation to the hexosamine/Golgi pathways as well as Mgat5 expression, but not 
with exogenous TGF-β [3,19].

The Mgat5−/− mutation suppresses tumor progression and growth signaling in MEFs, while the 
Pten+/− mutation displays the opposite phenotype. Pten, the phosphoinositide 3-phosphatase, is a 
potent tumor suppressor mutated in many human tumors, and loss of one allele of Pten enhances 
PI3K/Akt signaling. The survival of compound Pten+/− Mgat5−/− and Pten+/− Mgat5+/− mice is 
enhanced compared to Pten+/− alone due to an apparent delay in cancer development [51]. However, 
survival of compound mutant mice is intermediate (with [Pten+/−] < [Pten+/−Mgat5−/− and 
Pten+/−Mgat5+/−] < [Mgat5−/−] < [Mgat5+/− and Mgat5+/+]). β1,6GlcNAc-branched N-glycans are 
increased in Pten +/− MEFs, indicating positive feedback from PI3K/Akt to N-glycan branching 
[51,82]. Although the Mgat5 mutation was epistatic for Pten+/− proliferation and Akt activation by 
substratum adhesion, Pten+/−Mgat5−/− double mutant MEFs were not rescued for planar asymmetry. 
This is consistent with the idea that extracellular cues are required to drive the asymmetry of signaling 
and microfi lament remodeling associated with cell motility.

21.7  T CELL ACTIVATION IS DEPENDENT ON N-GLYCAN 
BRANCHING AND GALECTINS

In naïve T cells, galectin-3 binding to T cell receptors (TCR) impedes TCR mobility. However, 
endocytosis rates are very low, and rather than preventing surface loss, galectin binding impedes 
TCR clustering in response to low-dose antigen, which increases the threshold for T cell activation 
[83]. The TCRα and β chains have seven N-glycans, and CD3 γ and δ each has one. In Mgat5−/− T 
cells, TCR mobilization and clustering in response to TCR agonist coated beads were greatly 
enhanced. TCR-dependent tyrosine phosphorylation, actin microfi lament reorganization, and Ca2+ 
mobilization were greater in Mgat5−/− T cells 1–10 min after exposure to ligand [83]. Responses to 
phorbol esters, a cell-permeable stimulator of signaling downstream of TCR was normal, indicating 
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that the defect in Mgat5−/− T cells occurs at the cell surface. TCR affi nity for peptide–MHC that 
activates T cells is 10−4 to 10−5 M, and presumably can compete favorably with the TCR–galectin 
lattice for immune synapse formation [84]. Mgat5−/− mice on the 129/sv background show late-onset 
spontaneous kidney autoimmune disease and are hypersensitive to EAE, while Mgat5+/− mice are 
intermediate [83]. Similarly, mice defi cient in α-mannosidase II, an earlier enzyme in the 
β1,6GlcNAc-branching pathway, also develop late onset spontaneous kidney autoimmunity [85].

Following activation, T cells become more sensitive to antigen stimulation even though TCR 
levels and the intrinsic affi nity of TCR for peptide–MHC does not change [86,87]. Receptor-
associated kinase lck increases, and signaling sensitivity downstream of TCR appears to be enhanced 
in activated cells [87]. Mgat5 transcription, enzyme activity, and N-glycan products are increased 
following activation [88,89], but the infl uence of β1,6GlcNAc branched N-glycans may shift from 
TCR to integrins. In this regard, leukocyte migration into the peritoneal cavity in response to an 
injection of thioglycolate was delayed in Mgat5−/− mice, and the cells were more adhesive on 
fi bronectin [19]. Activated T cells undergo multiple rounds of cell division, differentiate into effector 
T cells, and fi nally growth arrest. TCR (n = 9) activation in naïve T cells induces proliferation, IL-2 
and PI3K signaling [89], increased glucose metabolism [90] and UDP-GlcNAc biosynthesis, Mgat5 
gene expression, and ultimately recruits CTLA-4 (n = 2) to the lattice from endosomes to the cell 
surface (∼twofold increase), resulting in growth arrest [3]. Pathogen elimination requires rapid 
expansion of reactive T cells, followed by abrupt suppression to limit infl ammation and avoid auto-
immune responses. Hexosamine fl ux to the Golgi pathway negatively regulates naïve T cells by 
increasing the threshold for antigen–MHC stimulation, and later by promoting surface retention of 
CTLA-4 in T cell blasts. Several autoimmune-prone strains of mice display defi ciencies in 
β1,6GlcNAc-branching (PL/J, NOD) comparable to that of Mgat5+/− mice on strain backgrounds 
that are more resistant to autoimmune diseases (129/sv, C57BL6) [54,83].

21.8 BEHAVIORAL PHENOTYPE IN Mgat5-DEFICIENT MICE

Mgat5-defi cient mice are normal in sensorimotor tests, with intact function of the hypothalamus-
pituitary-adrenal axis, but display resistance to stress-induced depression and modest impairment in 
the hidden version of Morris water maze task attributed to a cognitive performance defi cit [91]. It is 
possible that certain neurotransmitter receptors or reuptake transporters are dependent on 
β1,6GlcNAc-branching for activity or surface expression. β1,6GlcNAc-branched N-glycans are 
extensively expressed in the central nervous system (CNS) from E9.5 to adulthood in brain areas 
such as cortex, hypothalamus, and hippocampus [82], regions associated with depressive and stress-
related responses [92,93]. N-glycan processing may be required for monoaminergic (i.e., serotoner-
gic and noradrenergic) or other neurotransmitter systems (i.e., dopaminergic, GABAergic, and 
glutamatergic) that underlie mood changes. In this regard, comparison of the serotonin transporter 
(SERT) expressed in wild-type and Mgat5-defi cient CHO cells revealed that β1,6GlcNAc-branched 
N-glycans contribute to SERT function, homooligomerization, and binding to myosin IIA [94]. 
SERT regulates the serotonergic system through the reuptake and clearance of serotonin released 
from the nerve terminal and is blocked by selective serotonin reuptake inhibitor (SSRI) antidepres-
sants [95]. N-glycosylation of β2-adrenergic receptors regulates receptor traffi cking to the lyso-
somes after prolonged agonist exposure [96]. Moreover, mice defi cient in serotonin or noradrenaline 
transporter show similar antidepressant phenotype as Mgat5−/− mice [97,98]. It is possible that 
β1,6GlcNAc branching of N-glycans and galectin binding retains certain receptors and reuptake 
transporters in the synaptic cleft, playing a role in depression.

21.9 CONCLUSION AND FUTURE DIRECTIONS

Although Caenorhabditis elegans express functional Mgat1, Mgat2, and Mgat5 enzymes (not 
Mgat4) [99], complex N-glycans are present in very low amounts, and mutations of these genes have 
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no developmental phenotype under normal laboratory conditions [100]. However, minimal branch-
ing by Mgat1 is required for mammalian embryogenesis [101,102]. The Mgat2 defi ciency is post-
partum lethal with morphogenic defects, similar to the homologous defi ciency in human type II 
congenital disorder of glycosylation [103]. In mammals, N-glycan sites are reduced in number and 
density on receptor kinases that mediate arrest/differentiation, while receptors in C. elegans and 
Drosophila melanogaster do not segregate in this manner and generally have relatively high N-X-
S/T multiplicities. This suggests that coevolution of N-glycan branching and N-glycan multiplicity 
in receptor kinases and other critical glycoproteins was driven by a need for greater conditional 
regulation of the immune system and metabolism in mammals. The Mgat5−/− mice appear normal 
at birth but adult phenotypes involve hypersensitivity to various stressors, indicating a postnatal role 
of N-glycosylation in robustness. Computational modeling indicates that expression of Mgat1 and 
Mgat2 alone provides insuffi cient affi nity for galectin binding by low n glycoproteins, and in this 
regard, is consistent with developmental defects observed in mouse mutants. In conclusion, a better 
understanding of the metabolic and conditional regulators of N-glycan processing and galectin bind-
ing may lead to new treatments for autoimmune diseases, congenital disorders of glycosylation, and 
a host of conditions associated with aging and cancer.
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22.1 INTRODUCTION

Experiments indicate that mannan-binding lectin (MBL) functions as a complement activating 
protein in the innate immune defense. This is supported by clinical observations implicating its role 
in the defense against severe infections in children and adults [1–3]. The binding of MBL to micro-

*  Confl icts of interest: S.T. and J.C.J. have fi nancial interests in NatImmune A/S, established for the production of 
recombinant MBL.
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organisms has been intensively studied and include many human pathogens [4–6]. In the following 
sections, we have attempted to collect and discuss most of the published studies on MBL defi ciency 
and susceptibility to infections. For discussions of association of MBL defi ciency with other 
diseases, we refer to other recent reviews [7–10].

In 1978, a mannan-binding protein found in rabbit liver was isolated and characterized by Kawasaki 
et al. [11], and 5 years later, human MBL was isolated and characterized by the same group [12]. MBL 
appears to be present ubiquitously in mammalian serum as well as in chickens. The protein was originally 
named mannan-binding protein. Later the term mannan- or mannose-binding lectin was adopted.

MBL is a plasma protein primarily produced by hepatocytes, but some extrahepatic transcrip-
tion in small intestine and testis has also been reported [13]. In mice expression, an additional tissue 
has been found [14]. As a member of the human collectin family, MBL is characterized by the pres-
ence of a collagen-like region and a calcium-dependent carbohydrate recognition domain (CRD) 
[15,16]. The N-terminal region of human MBL contains three cysteines, which are responsible for 
cross-linking three identical polypeptides into a structural subunit. The following collagen-like 
region imposes the trimeric structure, which is a prerequisite for the assembly of the range of 
high-order oligomers appearing in serum.

MBL-mediated complement activation was fi rst described by Ikeda et al. [17], who demon-
strated that mannan-coated erythrocytes opsonized with rat MBL were susceptible to serum hemoly-
sis. It is now evident that the lectin pathway can be initiated by both MBL [17,18] and by fi colins 
[19,20] in complex with MBL-associated serine proteases (MASP). A range of microorganisms, 
including bacteria, viruses, fungi, and parasites, present pathogen-associated molecular patterns 
(PAMPs), for example, mannose and N-acetyl-glucosamine-rich polysaccharides for MBL binding 
or acetylated carbohydrates for fi colin binding [15,21]. Upon ligand binding, MBL and fi colins 
presumably undergo conformational changes allowing the associated MASPs to be activated. In view 
of its biological activity, its seems obvious to speculate that MBL will express a role in vivo in the 
antimicrobial defense, and indeed, a correlation between low MBL levels and recurrent infections 
was reported in a seminal paper from Super et al. in 1989 [22].

22.2 GENOTYPES ASSOCIATED WITH MBL DEFICIENCY

Interindividual variation of MBL levels range from a few ng/mL to 10 µg/mL [23] (Figure 22.1), and 
MBL defi ciency is recognized as the most common human immunodefi ciency state. MBL defi -
ciency is caused by single nucleotide polymorphisms (SNPs) within the promoter region and in exon 
1 of the mbl2 gene (mbl1 is a pseudogene in humans).

In 1991, Sumiya et al. sequenced the mbl2 gene from three unrelated British children with 
opsonic defects, recurrent infections, and low MBL levels [24]. All three children presented a point 
mutation in codon 54, which was later found also in three healthy Chinese adults with low MBL 
levels [25]. Screening a group of Gambian individuals with MBL defi ciency next revealed a point 
mutation in codon 57 [26]. These mutations, codon 54 and codon 57, are found almost exclusively 
in non-Africans and Africans, respectively. Some Caucasians and Africans with low MBL levels 
showed none of these mutations, but revealed a mutation in codon 52 [27]. The three mutations in 
exon 1 at codon 54, 57, and 52 are also known as B, C, and D allotypes (collectively, O allotypes), 
while A indicates the wild-type MBL allele. In the B and C variants, the substitution of a glycine 
residue in the collagen-like region leads to the disruption of the Gly-X-Y triplets, suggested to inter-
fere with the assembly of higher molecular forms of MBL. The D variant introduces a cysteine that 
might disrupt the oligomer formation by additional disulfi de bonds. Rodents and other animals have 
two MBL isotypes, MBL-A and MBL-C. Mutations made in rat MBL-A showed, for all three sub-
stitutions, an impaired formation of higher oligomers and a decreased ability to interact with com-
plement components, leading to loss of activity [28]. Serum from individuals homozygous for any 
of the three structural polymorphisms, or compound homozygous, e.g., B/C, O/O, does not contain 
higher order MBL oligomers [29].
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Identifi cation of promoter polymorphisms showed MBL levels to be modulated also at the tran-
scriptional level. Two polymorphisms positioned at -550 (H/L variant) and at -221 (X/Y variant) in 
the promoter region of mbl2 [30] are found in linkage disequilibrium, resulting in the three promoter 
haplotypes, HY, LY, and LX, associated with high, medium, and low MBL concentration in serum, 
respectively. The three exon 1 mutations are in strong linkage disequilibrium with the promoter 
haplotypes and only a few of the theoretically possible MBL haplotypes are reported: i.e., seven 
common haplotypes, HYPA, LYPA, LYQA, LXPA, LYPB, LYQC, and HYPD [30,31]; and two rare 
haplotypes, HXPA [32] and LYPD [33]. Heterozygocity for one of the structural variants B, C, or D 
results in decreased MBL levels, while homozygocity or compound homozygocity of structural 
variant allotypes, or one of these together with the LXA haplotype, e.g., LXA/B, results in MBL 
defi ciency [23,30] (Figure 22.1). Other MBL polymorphisms have recently been discovered [34] but 
the importance of these remains to be elucidated.

22.3 MBL AND DISEASE

Consensus is not yet been reached on the defi nition of MBL defi ciency, but MBL concentrations 
below 100 ng/mL are in general regarded as pronounced MBL defi ciency. Approximately 10% of 
Caucasians are in this group (Figure 22.1). Clinical studies indicate that MBL defi ciency is linked to 
increased susceptibility to infections, may be present at MBL levels below 0.5 µg/mL or even up to 
1 µg/mL [35,36]. Worldwide, individuals homozygous for structural variants (B, C, or D) or heterozy-
gous for a structural variant combined with the LXA promoter comprise 5–20% of the population.

In 1989, Super et al. reported that defects in phagocytosis were associated with low levels of 
MBL [22]. Since then, several diseases have been found to be associated with MBL defi ciency, 
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FIGURE 22.1 Association between promoter and structural polymorphisms in the human mbl2 gene and the 
serum levels of MBL. (A) The MBL concentration in serum is linked to the MBL genotype. Each dot repre-
sents a healthy Danish blood donor. Three structural polymorphisms, termed B, C, and D (simplifi ed by O), 
with A referring to the wild-type MBL, are found in exon 1 and X is a promoter variant. The genotypes are 
situated next to the MBL levels in order of infl uence on MBL levels. (Modifi ed from Gadjeva, M., Takahashi, K., 
and Thiel. S., Mol. Immunol., 41, 113, 2004.) (B) MBL levels in individuals of different MBL genotypes. H/L, 
X/Y, and Q/P are promoter variants. Eighteen percent of the individuals are below the dashed line at 200 ng 
MBL/mL. (Modifi ed from Steffensen, R., Thiel, S., Varming, K., Jersild, C., and Jensenius, J.C., J. Immunol. 
Methods, 241, 33, 2000.)
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including infections, autoimmune diseases, recurrent miscarriages, and cystic fi brosis (reviewed in 
Refs. [7,37–40]). In other clinical situations such as transplantations and ischemia/reperfusion inju-
ries, high MBL levels may be aggravating the pathology [41–43]. The high prevalence of MBL 
defi ciency suggests that MBL may promote, rather than limit, infections with some pathogens.

22.3.1 BACTERIAL INFECTIONS

22.3.1.1 SIRS and Sepsis

As defi ned by Bone et al., a patient is diagnosed with systemic infl ammatory response syndrome 
(SIRS) when at least two out of four signs are present: fever, elevated heart rate (tachycardia), elevated 
respiratory rate (tachypnea), or an abnormal white blood cell count [44]. Sepsis, an acute systemic 
response generally caused by bacterial endotoxins, is clinically defi ned as SIRS together with an infec-
tion. The response to infections varies between individuals, and even when given optimal medication, 
a small number of patients develop severe sepsis that may result in multiple organ failure and death. In 
general, a septic response occurs when the immune defense fails to contain the invading pathogen, and 
an unbalanced immune system is suggested to play a role in development of sepsis (reviewed in Ref. 
[45]). Some data indicate that MBL may be a player, a modifi er, in this mechanism (Table 22.1). Thus 
in pediatric patients admitted to the intensive care unit (ICU), Fidler et al. [46] found signifi cant asso-
ciation between variant MBL genotype, low MBL levels, and SIRS. A strong association was also 
observed between low MBL levels and the development of sepsis: 12 out of 16 patients with severe 
sepsis were MBL-defi cient. Contrary, no correlation between MBL defi ciency and SIRS was seen in a 
group of adult patients admitted to the ICU [47]. However, also in this study, MBL defi ciency was 
signifi cantly associated with the development of sepsis, severe sepsis, and septic shock.

In a prospective study of critically ill Caucasian patients diagnosed with SIRS, the prevalence of 
infections at the admission to the ICU was found to correlate with MBL-variant allotypes [48], but 
patients with MBL variants were not found to have signifi cantly increased rates of sepsis, septic 
shock, or death. In another investigation of Caucasians diagnosed with sepsis, a signifi cantly 
increased frequency of hetero- or homozygocity for MBL variants was found in patients as com-
pared with healthy controls [49]. In this study, immunosuppressed patients, patients diagnosed with 
human immunodefi ciency virus (HIV), hematological malignancy, neutropenia, chronic liver fail-
ure, or patients receiving chemotherapy were excluded from the study, thus demonstrating that MBL 
defi ciency may infl uence the susceptibility to sepsis in nonimmunocompromised adults [49]. Acute 
respiratory distress syndrome (ARDS) is often caused by sepsis and Gong et al. recently reported a 
signifi cantly increase of septic shock in ARDS patients homozygote for the MBL B variant [50].

Association between MBL polymorphisms and the development of neonatal sepsis was found in 
a German cohort of very low birth-weight infants [51]. One-third of the septic patients (16 out of 50) 
were found to be either hetero- or homozygous for the MBL variant B, C, or D. Recently, Eisen et 
al. [52] reported no difference in the MBL levels when comparing sepsis patients with healthy con-
trols, however, the MBL/MASP function determined by C4b deposition was signifi cantly lower in 
the patients (p < 0.001). The described studies involve different patient populations, which may be 
one of the reasons for the disagreement on the infl uence of MBL on the development of SIRS and 
the severity of sepsis. While further investigations are certainly called for, our interpretation is that 
the studies quoted point to a signifi cant role of MBL in the susceptibility to infection.

22.3.1.2 Neisseria meningitidis

Potential pathogenic strains of N. meningitidis are carried as commensals in a small group of individu-
als, but only few individuals develop meningococcal diseases. Complement defi ciencies, in particular, 
in the components of the membrane attack complex (C5 to C9), are found at a high frequency in these 
patients [53]. MBL binding to N. meningitidis has been investigated intensively [4,54–58]. Recently, 
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Jack et al. [59] showed that MBL was not involved in the initial attachment of N. meningitidis to macrophages, 
but it acts as a “dependent opsonin,” accelerating the uptake and killing of N. meningitidis. Hibberd 
et al. [60] genotyped patients diagnosed with meningococcal disease for MBL polymorphisms and 
compared with children admitted to the hospital with other diseases than infections. Increased 
frequency of MBL mutations was found in the patients with meningococcal disease (Table 22.2). A 
similar association was found when comparing a group of meningitis survivors with unrelated controls 
from the same community. Contrary and unexpectedly when focusing on the group of children with 
meningitis, MBL defi ciency appeared to be associated with less severe disease manifestation. MBL 
defi ciency was also reported to be associated with N. meningitidis infections in two family studies. Bax 
et al. [61] isolated N. meningitidis serotype C from a young patient with a family history of meningitis. 
This patient and two relatives previously diagnosed with meningitis were all found to have low levels 
of MBL (below 200 ng/mL) and were later genotyped as B/B, B/D, and LXA/B, respectively [62]. In 

TABLE 22.1
MBL Variants and MBL Levels in SIRS and Sepsis

Patients Controls p-Value Age Comments Reference

SIRS
272 250 NSa Adults DF ↑ MBL variants → [47]

100b Internal <0.0001 Children DF ↑ MBL variants ↑ [46]

<0.0001 DF ↑ MBL levels ↓
 50c Internal 0.001 Children DF ↑ MBL variants ↑ [46]

0.0006 DF ↑ MBL levels ↓

Sepsis
197 250 <0.001d Adults DF ↑ MBL variants ↑ [47]

 50e Internal 0.002 Children DF ↑ MBL variants ↑ [46]

<0.0001 DF ↑ MBL levels ↓
 50 306 NSf Infants DF ↑ MBL variants ↑ [51]

222 NSg Adults DF ↑ MBL variants → [48]

174 353 0.001h Adults DF ↑ MBL variants ↑ [49]

0.05 DF ↑ MBL levels ↓
195 236 0.27i Adults DF ↑ MBL levels → [52]

212 442 0.04 Adults DF ↑ MBL variants ↑ [50]

Note:  NS, Not signifi cant; DF, disease frequency; MBL variants ↑, increasing frequency of the MBL 
variants; MBL levels ↓, decreasing MBL levels in serum or plasma; →, no change.

a MBL defi ciency was signifi cantly associated with sepsis, severe sepsis and septic shock but not SIRS.
b Pediatric ICU patients with (n = 59) and without (n = 41) SIRS.
c Pediatric ICU patients with infection, with (n = 35) and without (n = 15) SIRS.
d Sepsis patients vs. controls. A decrease of serum MBL concentration was seen with increased severity 

of sepsis.
e Pediatric ICU patients with infection (n = 50): sepsis (n = 19) or septic shock (n = 16).
f Seventeen out of 50 sepsis patients were MBL-defi cient.
g Compared with previously reported Caucasian control groups. Patients with MBL variants had signifi -

cantly increased prevalence of positive bacterial cultures at admission (p < 0.02), but not signifi cantly 
increased rates of sepsis.

h Signifi cant association between MBL variant and susceptibility to sepsis, severe sepsis, and septic 
shock.

i Functional MBL defi ciency (determined by C4b deposition assay) was more common in sepsis patients 
than controls (p < 0.001).
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a Danish family, a combination of properdin and MBL defi ciency was found to associate with N. men-
ingitidis infection. Two out of six properdin-defi cient males were found to be MBL-defi cient and both 
were diagnosed with meningitis [63]. MBL levels in Norwegian teenagers who survived severe 
systemic meningococcal disease caused by either serotype B or C meningococci did not differ from 
healthy control [64]. However, the frequency of the MBL variants was increased in the patients younger 
than 16 years [65] (Table 22.2).

The combined information indicates that MBL may be a determinant of susceptibility to menin-
gococcal disease, and vaccination of MBL-defi cient individuals may be considered. On the other 
hand, once infected MBL may aggravate the disease.

22.3.1.3 Pneumonia and Otitis Media

Streptococcus pneumoniae is often harmlessly colonizing the mucosa of the upper respiratory tract, 
but invasion by S. pneumoniae is a major cause of pneumonia and acute otitis media. The incidence 
of invasive pneumococcal disease is highest among young children and elderly, and is often associ-
ated with immunosuppressed conditions. Serotype 14 is a frequent cause of pneumococcal infectious 
disease and presents repeating N-acetyl-glucosamine residues on the surface of the polysaccharide 
capsule. The presence of this MBL-reactive sugar suggests that MBL-defi cient individuals could be 
more susceptible to pneumococcal pneumonia. However, there are confl icting data on MBL binding 
to S. pneumoniae [5,66].

In a case–control study of patients with invasive pneumococcal disease and matched controls, 
Roy et al. [67] found a higher frequency of homozygocity for MBL variants in patients than in healthy 
controls (Table 22.3). Pneumonia was the most frequent diagnosis in the patient group followed by 
streptococcal meningitis. Another study comparing patients admitted with S. pneumoniae bacteremia 
(the majority with pneumonia) with controls found no association between MBL defi ciency and sus-
ceptibility to invasive pneumococcal infections [68]. A meta-analysis of the two studies showed a 
small, but signifi cantly increased risk of invasive pneumococcal disease with MBL defi ciency [69]. 
In HIV-positive patients with S. pneumoniae infection, an increased incidence of MBL defi ciency 
was found [70]. A recent Caucasian study showed no association between invasive pneumococcal 
disease and variant MBL genotypes [71]. The authors conducted a meta-analysis revealing clear cor-
relation between S. pneumoniae infection and MBL variants [71]. MBL defi ciency did not correlate 
with recurrent pneumococcal infections in a small group of Colombian children [72].

Studies on the association of otitis media with MBL defi ciency (Table 22.3) have also yielded 
confl icting results. In a study from Turkey, children with recurrent otitis media had a defect in 
opsonization [73], likely due to MBL defi ciency [22]. A tendency of developing atopy or acute otitis 
media within the fi rst year was observed in a group of babies with the same opsonizing defect [74]. 

TABLE 22.2
MBL Variants and Meningitis

Patients Controls p-Value Age Comments Reference

 99a 40 NSb Teenagers DF ↑ MBL variants → [64]

194 272 0.0006c Children DF ↑ MBL variants ↑ [60]

 72 110 0.06d Children + adults DF ↑ MBL variants ↑ [60]

Note: NS, Not signifi cant; DF, disease frequency.
a Patients who survived severe systemic disease caused by serogroup B or C meningococci.
b MBL variants were signifi cantly more frequent in patients younger than 16 years (p = 0.06) [65].
c Frequency of homozygote variants in a hospital-based study.
d Frequency of homozygote variants in a community-based study.
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TABLE 22.3
MBL Variant and MBL Levels in Pneumonia and Otitis Media

Patients Controls p-Value Age Comments Reference

Pneumonia
229 353 0.002a Children + adults DF ↑ MBL variants ↑ [67]

108 679 0.046b Children + adults DF ↑ MBL variants ↑ [67]

140 250 0.083 Adults DF ↑ MBL variants → [68]

p < 0.0001c Children + adults DF ↑ MBL variants ↑ [69]

 11 NS Children DF ↑ MBL level ↑d [72]

 63 162 0.113 Children + adults DF ↑ MBL variants → [71]

432 765 0.0001e DF ↑ MBL variants ↑ [71]

Otitis media
 89 123 0.65 Children/adults DF ↑ MBL variants → [77]

 51 103 <0.001 Children DF ↑ SOD ↑f [73]

 74g Internal NS Children DF ↑ MBL variants → [81]

252h Internal <0.001i Children DF ↑ MBL variants ↑ [80]

 44 2060 0.920j Children DF ↑ MBL levels → [76]

 21  39 0.06 Childrenk DF ↑ MBL levels ↓ [79]

 34  61 NS Childrenl DF ↑ MBL levels ↓ [79]

 90m Internal 0.29 Children DF ↑ MBL levels → [82]

 17 172 OR 14.35n Children/adults DF ↑ MBL variants ↑ [75]

113 internal 0.027o Children DF ↑ MBL variants ↑ [34]

Note: NS, Not signifi cant; DF, disease frequency; SOD, serum opsonization defect.
a Homozygocity for MBL variants, but not heterozygocity or promoter polymorphisms were associated with susceptibility.
b Confi rmatory study.
c Combined analysis of data from Refs. [67,69].
d None of the patients had MBL levels below 1 µg/mL.
e Combined analysis of data from Refs. [67,69,71].
f Defective opsonization of yeast particles was observed in 13.7% of patients with acute purulent otitis media (OM) 

compared with 2.9% in healthy controls. Five out of 23 children with recurrent purulent OM had defective opsonization 
(p < 0.001).

g Community-based study in Greenland.
h Population-based, prospective study in Greenland.
i The association between MBL defi ciency and increased risk of acute respiratory tract infections was primarily restricted 

to children aged 6 to 17 months.
j In a retrospective study of 2104 children, 44 were hospitalized with OM. MBL serum levels below 120 ng/mL were not 

more frequent in patients with OM.
k Children followed from birth to 2 years. Children with recurrent OM had decreased MBL levels.
l Children between the age of 2 and 4 years. Children with recurrent OM had decreased serum MBL levels.
m Children receiving bilateral tympanostomy tubes for OM with effusion (OME) (n = 90), children developing recurrent

bilateral OME (n = 56), recurrent unilateral OME (n = 17) compared with no recurrent OME (n = 17).
n The MBL XA/O genotype was found in 40% of the OM patients compared with less than 5% of the controls.
o A signifi cant association between MBL variants and acute OM was found in children of the age of 12–24 month, but not 

in children older than 24 months.

An increased frequency of the MBL B variant was found in patients with recurrent otitis media, and 
combined with the LXPA haplotype, a signifi cantly higher frequency was found compared with 
healthy controls [75]. In a study of children hospitalized for infections during early childhood, low 
MBL levels did not correlate with otitis media [76]. In Copenhagen, no correlation with MBL defi -
ciency was found in children with recurrent otitis media [77], but severe recurrent otitis media was 
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found in a group of MBL-defi cient children with non-HIV-related immune defi ciencies [78]. In a 
cohort of children, followed during their fi rst 4 years, MBL defi ciency was not found to predispose 
to otitis media, however a subgroup of children aged 2 to 4 years with recurrent otitis media tended 
to have lower MBL levels [79]. Children aged 12 to 24 months with variant MBL genotypes were 
found to have signifi cantly increased number of otitis media episodes [34]. An increased risk of 
acute respiratory tract infection, and also acute otitis media, was reported in MBL-defi cient children 
from West Greenland [80]. However, a different community study of Greenlandic children found no 
support for an association between MBL defi ciency and otitis media [81]. A recent study of children 
with recurrent otitis media who received bilateral tympanostomy tubes showed a nonsignifi cant 
trend of lower serum MBL levels in cases of recurrence within the follow-up period [82]. The con-
fl icts between the outcomes of the studies might be due to exposure to different S. pneumoniae 
strains with various MBL-binding capabilities, but could also be due to other streptococci or Hemo-
philus infl uenzae. One might repeat that MBL should be regarded as a disease modifi er rather that 
the sole agent responsible for the clinical picture.

22.3.1.4 Tuberculosis

Immune molecules are used (misused) by pathogens to promote their entrance into the intracellular 
space and a popular hypothesis proposes to explain the high frequency of MBL variants worldwide, 
by hypothesizing that low MBL levels might protect against intracellular infections. Inhalation of 
Mycobacterium tuberculosis, an obligate intracellular pathogen, is responsible for most cases of 
tuberculosis. M. tuberculosis express ligands for MBL, i.e., mannose residues, in the lipoarabino-
mannan membrane, and is reported to take advantage of complement activation during uptake in 
phagocytes [83–86].

In non-HIV positive tuberculosis, patients from Tanzania signifi cantly higher MBL levels (p = 
0.0067) were detected when comparing with controls [87] (Table 22.4). Increased serum MBL levels 
in tuberculosis patients were reported in two other studies [88,89]. Mombo et al. [90] showed a cor-
relation between the frequencies of the MBL defi ciency alleles and the incidence of tuberculosis in 
sub-Saharan Africa. Two other studies found the MBL-variant genes signifi cantly less frequent in 
patients with tuberculosis or tubercular meningitis [91,92], supporting the hypothesis that variant 
MBL may be associated with protection against tuberculosis. A similar correlation was found look-
ing at western European population with both HIV and tuberculosis [93]. That high MBL levels may 
predispose to tuberculosis (or the infection itself is causing the increase in MBL) was not confi rmed 
in a larger study using genotypes to indicate MBL defi ciency [94]. Also no differences in MBL 
genotypes were found in Caucasian or Hispanic tuberculosis patients compared with controls [95]. 
The use of genetic markers negates the problem of clinical-mediated effect on MBL levels. In con-
trast, a signifi cant increase of homozygocity for MBL variants was found in Indian tuberculosis 
patients when compared with a high-risk group of healthy spouses, indicating a protective role of 
MBL. Curiously, heterozygote patients with inactive tuberculosis showed protection against relapse 
[96]. No correlation with death rate due to tuberculosis was found. Turner et al. found almost no 
MBL variants in two groups of indigenous Australians, which they suggest might in part explain the 
fatal consequences of the introduction of tuberculosis by the European settlers in the nineteenth 
century [97]. Although there is no consensus, the largest studies could not confi rm that MBL con-
tributes to the infections of tubercular bacteria.

22.3.2 VIRUS INFECTIONS

22.3.2.1 Hepatitis

Hepatitis viruses are the major causes of chronic liver disease, including cirrhosis and hepatocellular 
carcinoma (HCC) caused by hepatitis B virus (HBV) or hepatitis C virus (HCV). Most adults recover 
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from an acute infection and it is not fully understood why some develop chronic hepatitis. Numerous 
studies have examined associations between hepatitis, virus progression, and MBL defi ciency, but 
the results are confl icting (Table 22.5).

Thomas et al. reported the MBL D variant to be associated with chronic HBV infection in 
Caucasians [98]. However, the frequency of the D variant in the control group of this study was 
low compared to other studies of Caucasians. In a large Gambian study (n = 990), more than 50% 
of the 337 patients found positive for HBV suffered from chronic HBV. The study failed to detect 
an association between MBL defi ciency and chronic HBV [92]. Similarly, a Caucasian study 
showed no association between MBL defi ciency and patients with chronic HBV infections or in 
patients who spontaneously recovered from acute infection [99]. In Vietnamese patients with 
acute HBV infection, a signifi cant increased frequency of the MBL B variant was found, but not 
in the chronic HBV patients [100]. Furthermore, the MBL B variant was associated with high 
viral loads and elevated transaminase levels as indications of liver damage [100]. However, two 
other studies found association, but not signifi cantly, of the B allotype with decreased HBV clear-
ance or disease progression [101,102]. The frequency of the MBL B variant was signifi cantly 

TABLE 22.4
MBL Variants and MBL Levels in Tuberculosis

Patients Controls p-Value Age Comments Reference

 94 113 0.0067a Adults DF ↑ MBL levels ↑ [87]

397b 422 0.037 Adults DF ↑ MBL C variant ↓ [92]

202c 109 0.008 Adults DF ↑ MBL variant (O/O)↑ [96]

 91d  79 0.017 Adults DF ↑ MBL B variant ↓ [91]

 64e  91 0.002 Children DF ↑ MBL B variant ↓ [91]

 67f 187 0.004 Adults DF ↑ MBL levels ↑ [91]

 31g 187 <0.001 Children DF ↑ MBL levels ↑ [91]

109h 250 0.032 Adults DF ↑ MBL levels ↑ [88]

487i 232 NS Adults DF ↑ MBL variants → [95]

176j  71 <0.01 Adults DF ↑ MBL B variant ↑ [95]

 48  58 0.0085 Adults DF ↑ MBL levels ↑k [89]

127l 344 NS Adults DF ↑ MBL variants → [93]

443 423 NS Adults DF ↑ MBL variants → [94]

Note: NS, Not signifi cant; DF, disease frequency.
a The frequency of undetectable MBL in tuberculosis (n = 191) patients (Tanzania) did not differ from controls (p = 0.5).
b Gambian tuberculosis patients.
c Indian tuberculosis patients, active (n = 56) and inactive (n = 146). 10.9% of the patients were homozygote for MBL 

variants compared to 1.8% of healthy controls.
d South African patients with pulmonary TB.
e South African patients with tubercular meningitis.
f Individuals who recovered from tuberculosis.
g Individuals who recovered from tubercular meningitis.
h Patients including Caucasians, African-Americans, Asians, and Inuits, compared with Caucasian controls.
i Patients and controls include African-Americans, Caucasians, and Hispanics.
j African-American TB patients only.
k Indian tuberculosis patients had increased levels of serum MBL but less frequent WT genotype (A/A) (50%) than 

controls (63.8%). A negative correlation between MBL serum level and phagocytosis was found in both patients and 
controls (p = 0.019).

l Caucasian non-HIV infected tuberculosis patients.

7269_C022.indd   3117269_C022.indd   311 9/2/2008   11:07:01 AM9/2/2008   11:07:01 AM



312 Animal Lectins: A Functional View 

TABLE 22.5
MBL Variant and MBL Levels in Hepatitis B and C

Patients Controls p-Value Age Comments Reference

HBV
 33a 98 0.0004b Adults DF ↑ MBL D variant ↑ [98]

337 653 0.37c Adults + children DF ↑ MBL C variant → [92]

 61a 60 NS Adults DF ↑ MBL D variant → [99]

190d 117 NS Adults DF ↑ MBL variant → [102]

NS DF ↑ MBL level →
 45e 117 0.007 Adults DF ↑ MBL B variant ↑ [102]

0.0084 DF ↑ MBL level ↓
 14f 117 0.0026 Adults DF ↑ MBL B variant ↑ [102]

0.0013 DF ↑ MBL level ↓
 43g 260 NS Adults DF ↑ MBL B variant → [105]

123h 112 0.079 Adults DF ↑ MBL B variant ↑ [100]

 31i 112 0.01 Adults DF ↑ MBL B variant ↑ [100]

372j 126 0.081 Adults DF ↑ MBL B variant ↑ [101]

320k 484 NS Adults DF ↑ MBL variant → [103]

NS DF ↑ MBL level →
199 320 0.002l Adults DF ↑ MBL variant ↑ [103]

0.001 DF ↑ MBL level ↓
189 338 0.04m Adults DF ↑ MBL variant ↑ [104]

HCV
 93 218 NS Adults DF ↑ MBL B variant → [106]

 52n 50 NS Adults DF ↑ MBL B variant → [107]

 16o 22 p < 0.01 Adults DF ↑ MBL levels ↑ [109]

 66p 50 NS Adults DF ↑ MBL levels → [112]

180 566 p < 0.0001 Adults DF ↑ MBL levels ↑ [108]

Note: NS, Not signifi cant; DF, disease frequency; HBV, hepatitis B virus; HCV, hepatitis C virus.
a Caucasian patients with chronic hepatitis B.
b A signifi cant difference in the frequency of the MBL D variant was found in Caucasian patients with chronic HBV (n = 7)

vs. controls (n = 4) but not in Asians. No association was found with acute HBV patients. No association with HBV was 
found for MBL B or C variants.

c No association with MBL C or MBL D variants in African HBV patients.
d Chinese patients including chronic carriers of hepatitis B or C, as well as asymptomatic HBV or HCV patients, symptom-

atic HBV-related cirrhosis, patients with spontaneously bacterial peritonitis and HBV-related hepatocellular carcinoma.
e Patients with symptomatic cirrhosis.
f HBV patients with spontaneous bacterial peritonitis, 64.3% had the MBL B variant.
g Japanese patients with fulminant hepatic failure caused by HBV infection.
h Vietnamese patients including all HBV infections (acute and chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma).
i Patients (Vietnamese patients including all HBV infections [acute and chronic hepatitis, liver cirrhosis, and hepatocellular 

carcinoma) diagnosed with acute hepatitis B.
j Korean patients with HBV persistence including inactive healthy carrier, chronic hepatitis, liver cirrhosis.
k Nonprogressed Hong Kong Chinese carriers positive for HBsAg but without clinical symptoms.
l Hong Kong Chinese, progressed carriers with hepatocellular carcinoma or cirrhosis vs nonprogressed carriers.
m US Patients with persistent HBV had signifi cantly higher frequency of the low producing genotypes (XA/O and O/O) than 

individuals naturally recovered from HBV infection. Furthermore the group of patients recovered from HBV had signifi -
cantly higher frequency of the high producing genotype (YA/YA) (p = 0.005).

n Japanese HCV patients including patients with chronic or active hepatitis and patients with liver cirrhosis.
o Japanese HCV patients (negative for HBV) with cryoglobulinemic glomerulonephritis.
p Patients with chronic HCV.
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increased in chronic HBV patients with cirrhosis and in cirrhosis patients with spontaneous bacterial 
peritonitis. Measurements of serum MBL levels confi rmed the results.

MBL, which is produced by the hepatocytes, could possibly cause an increase in viral load in 
the liver and thus predispose to subsequent liver damage. In a study of more than 1000 Hong Kong 
Chinese, MBL defi ciency levels and genotyping was associated with HBV-related cirrhosis and also 
HCC, however, not with asymptomatic chronic HBV infection [103]. This indicates no involvement 
of MBL defi ciency in the development of chronic HBV, but MBL may be a factor in some disease-
associated complications.

Thio et al. [104] reported a signifi cant increase of the low-producing MBL genotypes (XA/O, 
O/O) in the chronic HBV group, whereas the frequency of the high-producing MBL genotype (YA/
YA) was signifi cantly increased in the group of patients that recovered from HBV. In a study of HBV 
patients progressing into fulminant hepatic failure, no difference in MBL genotype was found when 
compared with healthy controls [105]. However, when dividing the patients into survivors and 
nonsurvivors, the MBL B variant was found signifi cantly increased in nonsurvivors (p = 0.043), 
and in parallel, the high-producing promoter variant HY and the MBL levels were signifi cantly 
decreased (p = 0.0048).

In contrast to HBV viremia, which is primarily observed in individuals infected early in life, HCV 
viremia tends to persist even after infection acquired in later life. HCV inhibits the protein kinase PKR, 
a mediator of interferon activity, and subsequently impairs the ability of interferon to protect the host 
cells from viral infection. In a Japanese study of 93 patients with chronic HCV infection, half of the 
patients failed to respond to interferon treatment [106]. The lack of treatment response was correlated 
with an increased frequency of the MBL B variant (p = 0.039), and MBL replacement therapy together 
with interferon treatment was suggested. Another Japanese study found no difference in MBL 
genotype between HCV patients and healthy controls [107]. However, all patients who were hetero- or 
homozygous for the MBL B variant had active hepatitis or liver cirrhosis.

Some studies have found elevated MBL levels in patients with chronic HCV compared with 
healthy controls [108,109]. The development of cirrhosis was slightly, but nonsignifi cantly, 
decreased in the group of low MBL levels, indicating an association between MBL defi ciency 
and less severe hepatitis [108]. Ohsawa et al. [109] reported signifi cantly increased MBL levels in 
16 patients with HCV infection and cryoglobulinemia, an extrahepatic complication in HCV, 
which may result in glomerulonephritis. The high MBL levels could, however, be due to steroid 
hormone therapy, since growth hormone [110] and more pronounced thyroid hormone [111] 
induce increase in MBL levels. Increased MBL levels were not observed in another study of HCV 
patients [112]. Despite the many investigations on hepatitis virus and MBL, a simple conclusion 
is not yet possible.

22.3.2.2 Human Immunodefi ciency Virus

A possible connection between MBL and infection with HIV was fi rst indicated by in vitro 
studies showing that MBL could inhibit infection of target cells. The assay conditions were note 
quite physiological since HIV was preincubated with purifi ed MBL before adding to a T cell 
line in culture with heat-inactivated serum [113]. Inhibition of HIV was not confi rmed by others 
[114]. Investigation on MBL ligands on HIV showed that MBL binds to purified envelope 
protein from in virus-infected T cells, and to recombinant gp120 and gp110 produced in insect 
cells, but not to the nonglycosylated gp120 expressed in Escherichia coli [115]. Removal of the 
MBL ligands, high mannose, but not removal of non-MBL ligands, complex N-linked carbohy-
drates, from gp120 with endoglycosidases, abolished MBL binding. MBL binding and HIV 
neutralization was enhanced by treatment with neuraminidase, which revealed MBL ligands by 
removal of terminal sialic acid residues from the carbohydrate side-chains, and was also 
enhanced by the presence of mannosidase I inhibitor under culturing conditions, which results 
in increase in high-mannose structures [116,117]. Dendritic cells recognize and internalize 
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pathogens for presentation to T cells. This may proceed via the “dendritic cell-mediated inter-
cellular adhesion molecule 3-grabbing nonintergrin” (DC-SIGN), which is used by the virus to 
infect T cells. MBL was found to block the interaction between HIV and DC-SIGN, thus 
protecting T cells from infection [118].

Although the studies performed in vitro indicate a role for MBL in HIV infections, the published 
clinical studies have shown ambiguous results (Table 22.6). In a study of HIV-infected individuals 
from Tanzania, 85% with concomitant tuberculosis, MBL defi ciency was not more frequent in HIV-
infected individuals compared with HIV-negative patients with tuberculosis and healthy controls; 
however, variant MBL allotypes were present at higher frequency in HIV positive individuals [87]. 
This result is supported by studies fi nding homozygocity for MBL variants or compound homozy-
gocity signifi cantly increased in HIV infected patients [90,119,120]. Other studies did not fi nd such 
a connection [93,121–123]. The fi rst study investigating this question found no overall difference in 
MBL serum levels in HIV patients compared with a control group. However, a signifi cant higher 
number of HIV patients had MBL levels below 100 ng/mL as compared with controls [124]. Inter-
estingly, the presence of MBL variants was recently reported to result in early HIV diagnosis, but no 
association with increased mortality was found [93].

Some groups have addressed the possibility that MBL might play a role in vertical transmis-
sion of HIV. In an Italian study, the frequency of homozygocity for MBL variants was higher in 
HIV-positive than in HIV-negative offspring, however not signifi cantly. (It was signifi cantly 
higher in HIV-positive mothers than in healthy controls [122].) In a cohort of Brazilian children, 
the frequency of the homozygous wild-type MBL genotype A/A was signifi cantly lower in HIV-
infected children compared with exposed but uninfected children, and the opposite was found 

TABLE 22.6
MBL Variants and MBL Levels in HIV

Patients Controls p-Value Age Comments Reference

 80 123 0.027 Adults DF ↑ MBL levels ↓a [124]

173 113 0.009 Adults DF ↑ MBL variants ↑ [87]

NS DF ↑ MBL levels →b

 96 123 0.005 Adults DF ↑ MBL variant (O/O)↑c [70]

111 194 0.01 Adults DF ↑ MBL variants ↑ [119]

 52 27 NSd Children DF ↑ MBL variants → [123]

138 140 NS Adults DF ↑ MBL variants → [121]

 68 120 NSe Adults DF ↑ MBL variants → [90]

114 165 0.0155 Children DF ↑ MBL variants ↑ [125]

 90 120 NS Infants DF ↑ MBL variants → [122]

414 344 0.042f Adults DF ↑ MBL variants ↓ [93]

145 99 0.0125 Adults DF ↑ MBL variants ↑ [120]

Note: NS, Not signifi cant; DF, disease frequency.
a More persons with MBL levels below 100 ng/mL was found in HIV patients (10%) compared to healthy controls 

(2.4%). No overall association between MBL serum levels and HIV or progression to AIDS was found.
b No difference in MBL serum concentration.
c MBL variants were not associated with the progression to AIDS.
d HIV-positive children vs. HIV-negative children born from HIV positive mothers.
e All individuals homozygous for C/C (n = 2) or compound homozygous B/C (n = 2) were HIV positive (p = 0.019).
f HIV patients without tuberculosis vs. controls.
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when comparing the frequency of the mutant alleles [125]. By comparing HIV-infected and unin-
fected children from HIV-positive mothers, a nonsignifi cant trend of increased MBL B variant 
[123] and a signifi cant increased frequency of the promoter variant HY was found [126]. Both 
variants were found associated with rapid progression to acquire immunodefi ciency syndrome 
(AIDS), and recently MBL defi ciency was linked to more severe disease in children [127]. Kuhn 
et al. [128] have recently reported that MBL-defi cient infants have a signifi cantly increased risk 
of acquiring HIV infection from their HIV-positive mothers. However, in a cohort given general 
immunostimulatory vitamin A supplement, this increased susceptibility vanished, demonstrating 
the modifying effect of MBL in a group of vitamin A–defi cient and thus partly immunodefi cient 
individuals.

The progression of HIV to AIDS was analyzed in a Danish study including HIV-positive and 
HIV-negative homosexual men [70]. No association was found between MBL levels and the time 
from a positive HIV test to progression of AIDS, but MBL-defi cient patients showed a signifi cant 
decrease in survival time. In particular, decreased survival is found in MBL-defi cient patients with 
pneumonia, herpes zoster virus, oral candidiasis, or Cryptosporidium parvum [70,129]. Another 
study showed a slower progression to AIDS in HIV patients with MBL variants, but revealed no 
association between MBL genotypes and survival. The mean survival time was decreased in MBL-
defi cient AIDS patients with opportunistic infections [130]. Three studies indicate that the infection 
or the treatment may infl uence the MBL levels. Thus higher MBL levels were reported in patients 
with AIDS compared with asymptomatic HIV patients [131,132], and treatment with the highly 
active antiretroviral therapy (HAART) resulted in an increased MBL serum level that did not refl ect 
viral replication as defi ned by the HIV RNA levels in plasma [133]. One study found MBL-defi cient 
HIV patients to differ signifi cantly in susceptibility to infections. Fifteen percent of the HIV patients 
with MBL levels below 650 ng/mL had bacterial pneumonia compared with 8% of those with higher 
MBL levels (p = 0.036) [134]. However, another study found an increased bacterial infection in HIV 
patients with MBL levels above 100 ng/mL [135].

As presented above, there are many confl icting results, likely partly due to the differences in 
patient groups and methodology (e.g., few studies consider the pronounced effect of the LXA 
haplotype).

22.3.2.3 Severe Acute Respiratory Syndrome

Severe acute respiratory syndrome (SARS) originated in southern China in 2002 and spread to Hong 
Kong and other countries during 2003. It is caused by the SARS-associated coronavirus (SARS-
Cov). While SARS is described as a viral pneumonia, the virus also seems to affect the intestines, 
kidneys, and the liver, and the disease can progress into multiple organ damage [136]. A surface 
spike protein of SARS-Cov has a high-mannose structure and MBL binding to the virus leads to 
complement activation [137]. MBL was found to inhibit the infectivity of the virus on rhesus monkey 
kidney cells, and a large case–control study involving 569 Hong Kong Chinese SARS patients and 
1188 healthy controls showed a signifi cantly increased frequency of the MBL B variant, as well as 
signifi cantly lower MBL levels in SARS patients [137] (Table 22.7). In northern China, susceptibil-
ity to SARS was also reported to be associated with the MBL B variant, however, no association was 
found with disease severity or death [138]. No difference between MBL genotypes was reported in 
Hong Kong Chinese patients between those recovering from SARS and the critically ill SARS 
patients or patients who died from SARS [139]. The studies indicate that MBL-defi cient individuals 
are more susceptible to SARS (Table 22.7), but the MBL status did not seem to affect the outcome 
of the disease.

One might conclude that despite convincing in vitro effect of MBL on HIV and SARS, the 
clinical data do not allow for an easy interpretation. It appears that one needs in vivo experiments to 
resolve the issue of MBL’s effect on viral infections.
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22.3.3 FUNGAL INFECTIONS

Fungal infections are usually caused by Candida species, in particular Candida albicans, which 
may be found in the commensal fl ora at the mucous membrane of the mouth and vagina. This 
opportunist pathogen mainly infects immunocompromised patients, and oral candidiasis is often 
found in AIDS patients. MBL binds strongly to mannan residues on C. albicans [5], promotes 
killing through complement activation, and is also found to inhibit growth of C. albicans [140]. 
An in vivo role of MBL in innate responses to Candida infections was suggested when mice 
transgenic for human MBL were subjected to C. albicans infection [141].

22.3.3.1 Candidiasis

Vulvovaginal candidiasis (VVC), an opportunistic mucosal disease, is often caused by C. albicans. 
Recently it was reported that the frequency of the MBL B variant was signifi cantly increased in Chi-
nese women diagnosed with VVC compared with the control group [142] (Table 22.8). Remarkably, 
the MBL concentration in cervicovaginal lavage was increased more than 10 times in the VVC group. 
The study included six women with recurrent VVC, defi ned as more than four incidences per year, 
and fi ve of these women were heterozygous for the MBL B variant. In a group of Latvian women with 
recurrent VVC, of which 90% were diagnosed with C. albicans infection, 68% of the patients positive 
for C. albicans were either heterozygote or homozygote for the MBL B variant, which was signifi -
cantly different from the healthy control group [143]. Another study found a nonsignifi cant tendency 
of increased MBL defi ciency in women who had a history of three or more episodes of VVC [144]. 
However, binding of MBL to C. albicans could not be detected in the presence of cervicovaginal 

TABLE 22.7
MBL Variants and MBL Levels in SARS

Patients Controls p-Value Age Comments Reference

352  392 0.00086 Adults DF ↑ MBL B variant ↑a [138]

180  200 NS Adults DF ↑ MBL variant → [139]

569 1188 <0.001 Adults DF ↑ MBL variants ↑a [137]
DF ↑ MBL levels ↓

Note: NS, Not signifi cant; DF, disease frequency.
a The MBL B variant was associated with susceptibility to SARS but not with disease severity.

TABLE 22.8
MBL Variants and MBL Levels in Vulvovaginal Candidiasis

Patients Controls p-Value Age Comments Reference

42 43 <0.0001 Adults DF ↑ MBL B variant ↑a [143]

25 23 NS Adults DF ↑ MBL CVL levels → [144]

51 54 0.038 Adults DF ↑ MBL variants ↑ [142]

<0.001 DF ↑ MBL CVL levels ↑b

Note: NS, Not signifi cant; DF, disease frequency; CVL, cervicovaginal lavage.
a Patients with recurrent vulvovaginal candidiasis (rVVC).
b CVL MBL concentration were lower in women with rVVC (n = 6) than controls, but the frequency of MBL variants 

were higher (p < 0.01).
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lavage from a VVC patient, whereas C3 deposition was detected. This could be due to conditions of 
low pH, low levels of MBL, MBL consumption by the vaginal yeast, or mutation of the yeast. The 
authors did not examine if MBL could bind in the presence of cervicovaginal lavage from a healthy 
woman. The data suggest that MBL may play a role on this mucosal surface. Importance of MBL on 
intestinal mucosa might be inferred from the association of severe diarrhea with MBL defi ciency. 
Further studies are clearly needed to resolve this question.

22.3.4 PARASITE INFECTIONS

22.3.4.1 Malaria

Plasmodium falciparum, the parasite responsible for most of the fatal malaria cases, enters the blood 
stream after multiplying in liver cells and penetrates erythrocytes. MBL is capable of recognizing 
proteins of P. falciparum-infected erythrocytes, but addition of MBL to P. falciparum cultures 
in vitro did not inhibit parasite growth [145]. By fl ow cytometry, a calcium-dependent MBL binding 
to the membrane of P. falciparum-infected erythrocytes was found, and the binding was inhibited by 
mannose [146]. Curiously, N-acetyl-glycosamine, but not mannose or glucose, was found to com-
pletely block the P. falciparum invasion of erythrocytes [147].

Studies of African children with severe or mild malaria and controls, revealed no difference in 
the frequency of MBL genotypes [92,146] (Table 22.9). However, a signifi cant increase of parasites 
in MBL-defi cient malaria patients with complicated disease was found, and MBL could be a pos-
sible regulator of P. falciparum parasitemia [146]. In African children with severe malaria, defi ned 
as more than 250,000 P. falciparum/µL blood, a signifi cant higher frequency of patients were found 
to have MBL levels below 200 ng/mL as compared with children with mild malaria [148]. In a small 

TABLE 22.9
MBL Variants and MBL Levels in Parasite Infection

Patients Controls p-Value Age Comments Reference

Malaria
504 426 NS Children DF ↑ MBL variant →a [92]

100 100 p = 0.04 Children DF ↑ MBL variant ↑b [148]

p = 0.02 DF ↑ MBL levels ↓
 35 DF ↑ MBL levels ↑c [149]

323 228 p = 0.32 Children DF ↑ MBL variant →a, d [146]

131 136e p = 0.01 Children DF ↑ MBL variants ↑f [150]

Leishmaniasis
 34g 55h p < 0.003 Adults DF ↑ MBL levels ↑ [152]

NS DF ↑ MBL variants ↓

Note: NS, Not signifi cant; DF, disease frequency.
a MBL defi ciency was not associated with clinical malaria or the progression to severe malaria.
b Patients with severe malaria vs. mild malaria.
c Thirty-four out of 35 patients with mild or asymptomatic malaria had the MBL genotype A/A.
d MBL-defi cient patients with complicated malaria had signifi cantly higher (p = 0.02) parasite 

counts.
e Children with uncomplicated malaria.
f Association with MBL defi ciency and susceptibility to severe malaria.
g Patients infected with L. chagasi.
h Infected asymptomatic individuals.
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study, including 35 patients from Papua New Guinea with mild or asymptomatic malaria, more than 
90% where found to have wild-type MBL genotype, some with very high MBL levels as compared 
with a healthy control group [149], possibly indicating a controlling effect of MBL. Another study 
revealed association between MBL defi ciency variants and severe malaria, but not with mild malaria 
and the author suggest that malaria could have been one of the evolutionary driving forces shaping 
the high levels of MBL polymorphisms in the African population [150]. While the literature on 
involvement of MBL in malaria is still inconclusive (Table 22.9), the fi ndings appear to indicate that 
MBL has some protective relevance rather than MBL defi ciency being advantageous.

22.3.4.2 Leishmaniasis

Leishmania are obligate intracellular parasites replicating in the host macrophages. It is transmitted 
by sand fl ies and causes several distinct types of diseases of which visceral or cutaneous lesions 
dominate. The surface of Leishmania parasites is rich in mannose residues, which are thought to 
play a role for the entrance into the macrophage through the macrophage mannose receptor. MBL 
was found to bind to different Leishmania strains, to live parasites as well as to lipophosphoglycans 
purifi ed from the promastogote state, and the binding could be inhibited by mannose [151]. In a 
Brazilian case–control study, patients with visceral leishmaniasis caused by Leishmania chagasi 
had signifi cantly higher MBL levels compared with infected but asymptomatic patients or healthy 
controls [152]. An increased frequency of the MBL A allotype was found among the patients, and 
MBL levels were found to correlate with the probability of disease development (Table 22.9). Pos-
sible explanations for these fi ndings are that increased MBL levels enhance the targeting of the 
organism to the host phagocytes, as postulated for tuberculosis. Paradoxically, the parasite might use 
MBL to escape from complement killing and hide within phagocytes. Such a mechanism was 
recently indicated by studies in vitro with Leishmania braziliensis, which is causing mucocutaneous 
leishmaniasis. Binding of MBL to the parasite was shown, but MBL was not necessary for complement 
lysis and MBL alone did not lead to damage of the parasite [153].

22.4 MBL AND INFECTIONS IN IMMUNOCOMPROMISED PATIENTS

22.4.1 NEUTROPENIA

A serious side effect of chemotherapy is neutropenia. In accordance with the view of MBL as a disease 
modifi er, MBL defi ciency or MBL insuffi ciency is associated with increased susceptibility to infections 
during or after chemotherapy. However, not all studies reveal this connection (Table 22.10). The fi rst 
investigation in this area found that among adults undergoing chemotherapy for leukemia, patients who 

TABLE 22.10
MBL Variants and MBL Levels in Immunocompromised Patients 
with and without Infections

Patients Controls p-Value Age Comments Reference

 54a Internal <0.0001b Adults CSI ↑ MBL level ↓ [35]

100c Internal 0.014d Children DFN ↑ MBL variants ↑ [36]

0.012 DFN ↑ MBL level ↓
 97e Internal 0.007 Adults MI ↑ MBL level ↓ [162]

107f Internal NS Adults MI ↑ MBL levels → [167]

 80g Internal NS Adults IF ↑ MBL levels→ [157]

  NS  DF ↑ MBL levels →  
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TABLE 22.10 (continued)
MBL Variants and MBL Levels in Immunocompromised Patients 
with and without Infections

Patients Controls p-Value Age Comments Reference

128h Internal <0.05i Adults MI ↑ MBL level ↓ [159]

NS DF ↑ MBL levels →
113j Internal 0.0016 Adults MI ↑ MBL variants ↑ [168]

 49k Internal 0.01l Adults MI ↑ MBL variants ↑ [169]

225m Internal NS Adults DF ↑ MBL levels → [158]

225 Internal 0.008 Adults CSI ↑ MBL level ↓ [158]

 66n 44 NS Children FN ↑ MBL variants → [154]

NSo FN ↑ MBL level →

137p Internal NS Children IF ↑ MBL variants → [156]

106q Internal NSr Adults MI ↑ MBL variants → [164]

133s Internal NS Adults CSI ↑ MBL variants → [160]

113t Internal 0.02 Adults CSI ↑ MBL variants ↑ [161]

 94u Internal 0.003v Children CSI + FN ↑ MBL level ↓ [155]

Note:  NS, Not signifi cant; CSI, clinical signifi cant infections; DFN, days of febrile neutropenia; FN, febrile neutropenia; IF, infec-
tion frequency; DF, days of fever; MI, major infection; AML, acute myeloid leukemia, ALL, acute lymphoid leukemia.

a Patients including multiple myeloma (n = 18), non-Hodgkin’s lymphoma (n = 13), AML (n = 7), chronic lymphocytic
leukemia or Hodgkin’s lymphoma (n = 4), chronic myeloid leukemia (n = 2), Burkitt’s lymphoma (n = 1), Waldenström’s 
macroglobulinemia (n = 1), ALL (n = 1), aplastic anemia (n = 1).

b Patients with less than 500 ng MBL/mL were more susceptible to CSI.
c Patients including ALL (n = 55), AML (n = 12), non-Hodgkin’s lymphoma (n = 18), neuroblastoma (n = 9), severe aplastic 

anemia (n = 4), and myelodysplastic syndrome (n = 2).
d Patients with MBL variant (A/O, O/O) and MBL levels below 1000 ng MBL/mL had signifi cant higher numbers of days 

of febrile neutropenia.
e Patients receiving allogenic hemopoietic stem cell transplantation.
f Patients with acute (n = 39) or chronic leukemia (n = 68).
g Patients with AML.
h Patients including non-Hodgkin’s lymphoma (n = 38), AML (n = 29), multiple myeloma (n = 25), ALL (n = 13), Hodgkin’s

disease (n = 12), chronic myeloid leukemia (n = 3), chronic lymphocytic leukemia (n = 2), myelodysplastic syndrome
(n = 2), amyloidosis (n = 1), myelofi brosis (n = 1), and germ cell malignancy (n = 1).

i Patients with MBL levels below 100 ng/mL had signifi cantly more major infections than the group with no infections.
j Patients including non-Hodgkin’s lymphoma (n = 66), AML (n = 25), ALL (n = 10), Hodgkin’s lymphoma (n = 6), multiple

myeloma (n = 4), neuroblastoma (n = 1), synovial sarcoma (n = 1) all treated with high-dose chemotherapy and autologous
peripheral blood stem cell transplantation.

k Patients undergoing liver transplantation.
l MI in patients receiving a liver from donors with MBL-variant genotype (O/O) compared with MBL genotype (A/A).
m Patients with hemotological malignancy.
n Patients (n = 110) including lymphoma (n = 17), hematological malignancies (n = 41, 37 with ALL), solid tumors 

(n = 52). After chemotherapy the patients were divided into febrile neutropenic (n = 66) and nonfebrile (n = 44).
o Comparing patients with MBL levels below and above 1000 ng MBL/mL.
p Patients with non-B ALL.
q Patients receiving allogenic hemopoietic stem cell transplantation.
r No association between variant MBL genotypes (or MASP-2 genotypes) and bacterial or viral infections. Low donor MBL

levels were associated with the risk of invasive fungal infection (p = 0.018).
s Patients with multiple myeloma.
t Patients receiving high-dose chemotherapy and autologous stem cell transplantation.
u Patients diagnosed with a malignancy.
v Increased susceptibility to febrile neutropenia with severe bacterial infections in patients with MBL levels below 100 ng/

mL compared with patients with MBL levels between 100 and 999 ng/mL.
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acquired clinically signifi cant infections, defi ned as bacteremia, pneumonia or both, presented lower 
MBL levels than patients who did not get serious infections [35]. Patients with MBL levels below 0.5 µg/mL 
were at particular risk for severe infections. Signifi cant association between low MBL concentration 
and severe infections related to chemotherapy was at the same time reported in a study of children with 
various types of cancers [36]. The patients had at least one episode of febrile neutropenia independent of 
the MBL genotype. However, twice as many days of febrile neutropenia was observed in patients with 
MBL levels below 1 µg/mL as compared with children having higher levels. Further, it was found that 
three out of four children admitted to the ICU with severe infections presented variant MBL allotypes. 
A later study of pediatric febrile neutropenia found no association between MBL defi ciency and the 
severity of infection [154]. The neutropenia was more severe in the children of this study, and only one 
febrile episode per patient was studied. Signifi cantly, in this study, all children admitted to the ICU with 
septic shock had MBL concentrations below 1 µg/mL. Recently, Schlapbach et al. [155] reported that 
MBL defi ciency (defi ned as MBL levels below 100 ng/mL) was associated with an increased susceptibil-
ity to febrile neutropenia with severe bacterial infection in pediatric cancer patients. A study focused on 
children with acute lymphoblastic leukemia saw no association between MBL defi ciency and infection 
during the fi rst 50 days of chemotherapy [156]. But, it was noted that two out of four patients who died 
because of sepsis were MBL-defi cient. In adults undergoing chemotherapy for acute myeloid leukemia, 
no association between MBL levels and the incidence or duration of fever, the occurrence of sepsis, or 
survival was found [157]. In a study of adult hematological cancer patients, the rate of severe infections 
was signifi cantly increased in MBL-defi cient patients, while MBL did not seem to infl uence the number 
of febrile days [158]. A Scottish study on a mixed population of adults receiving chemotherapy as treat-
ment for hematological malignancies and as preparation for bone marrow transplantation, showed no 
overall correlation of MBL levels on rates or the severity of infections [159]. However, all patients with 
MBL levels below 0.1 µg/mL suffered from infections, and a signifi cant higher incidence of major 
infections. A recent study on MBL genotypes in patients treated for multiple myeloma revealed no 
apparent protective effect of MBL against severe infections in general, although a protective effect against 
septicemia was indicated [160]. However, when focusing on patients treated with high-dose melphalan 
and autologous stem cell transplantation (ASCT) multiple myeloma patients with MBL variants had a 
signifi cantly higher risk of septicemia during the ASCT procedure [161].

Bone marrow transplantation is the only curative therapy for a number of hematological diseases, 
and neutropenia caused by the aggressive chemotherapy often results in severe infections. MBL variants 
were reported to be associated with major infections after allogeneic hemopoietic stem cell transplan-
tation [162] and another study found the MBL genotype HYA (associated with high MBL levels) 
apparently protective against infections [163]. Surprisingly, also the MBL genotype of the donor was 
reported to be important with transplantation from an MBL-defi cient donor resulting in higher risk of 
infection [162,164]. MBL synthesis by the transplanted cells was suggested and this supposition 
appears to be supported by fi ndings of MBL synthesis and expression on the cell surface of human 
monocytes and dendritic cells [165]. However, donor cell MBL production was not confi rmed in a 
study of hematopoietic stem cell transplantation from MBL suffi cient donors to MBL-defi cient patients 
[166]. In a study of MBL genotyping of 107 patients with acute or chronic leukemia and their respec-
tive donors, no association between MBL defi ciency and posttransplant infections was found [167]. 
Another study reported an increased risk of major bacterial infections in MBL-defi cient patients when 
treated with high-dose chemotherapy followed by autologous peripheral blood stem cell transplanta-
tion [168]. Major infections, such as sepsis, pneumonia, and bacterial meningitis, was found in four out 
of 12 MBL-defi cient patients, compared with only six out of 101 MBL-suffi cient patients.

In a study of a different patient population, Bouwman et al. [169] found a strong association 
between donor MBL genotype and risk of severe infections in patients receiving standard immuno-
suppressive therapy followed by orthotopic liver transplantation. One year after transplantation, four 
out of six patients who received a liver from a donor with homozygous-variant MBL genotype 
(O/O) had severe infections compared with three out of 25 patients receiving a liver from a donor 
with the MBL wild-type genotype (A/A) (p = 0.01).
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Recently, neutropenic MBL knockout mice were found to be susceptible to i.v. infection with 
Staphylococcus aureus [170]. When the bacteria were administrated i.p., an effect of MBL was seen 
only after rendering the mice neutropenic by administration of cyclophosphamide.

While confl icting results have thus been reported, it is our contention that the reports on MBL 
defi ciency as a major modifi er in neutropenia outweigh the lack of association seen in other studies. 
It is possible that difference in patient groups with respect to age, disease, and chemotherapy regimen 
may account for the contradicting results [171].

22.4.2 MAJOR SURGERY

Major surgery is another setting where the immune system is suppressed, and postoperative infections 
have been associated with low MBL levels (Table 22.11). A signifi cantly increased frequency of low 
MBL levels was determined in patients who developed postoperative infections after elective gastroin-
testinal surgery for malignant disease [172]. Furthermore, low preoperative MBL levels, and high 
procalcitonin levels, a sensitive marker for bacterial infection in the early postoperative phase may 
predict the occurrence of postoperative infections [173]. Another study encompassing a large cohort 
found signifi cant association of MBL defi ciency and the development of postoperative pneumonia, and 
postoperative pneumonia resulted in an increased recurrence rate and a poorer survival [174]. For 
infections other than pneumonia, the association with MBL levels was not signifi cant in this study.

22.4.3 BURN INJURY

Using a mouse model, we have recently found association between MBL defi ciency and susceptibility 
to infections with Pseudomonas aeruginosa after burn injury [175]. Burns result in immune 
suppression and, in addition, disrupt the skin barrier, which is a large area of nonspecifi c defense. 
This greatly increases the risk of infection by providing microorganisms ready access to the interior 
of the body, and P. aeruginosa infections occur frequently among burn victims.

22.5 MBL REPLACEMENT THERAPY

The idea of MBL replacement therapy is based on early fi ndings of a familial plasma-associated 
defect of phagocytosis [176]. Infusion of fresh plasma to patients with this opsonic defect improved 
the conditions [176–179]. In 1998, the fi rst studies of reconstitution with human plasma derived–
MBL in MBL-defi cient individuals was reported [180], and plasma-derived MBL was used in a 

TABLE 22.11
MBL Variants and MBL Levels in Patients with and without 
Postoperative Infections

Patients Controls p-Value Age Comments Reference

172a Internal 0.013 Adults POI ↑ MBL level ↓ [172]

611b Internal NS Adults POI ↑ MBL levels → [174]

87c 524 0.01 Adults POP ↑ MBL level ↓ [174]

Note: NS, Not signifi cant; POI, postoperative infections; POP, postoperative pneumonia.
a Patients undergoing major elective gastrointestinal surgery for malignant disease.
b Patients undergoing major elective surgery for colorectal cancer.
c Patients (those undergoing major elective surgery for colorectal cancer) developing POP had low MBL 

serum levels, and decreased survival (p = 0.003).
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safety and pharmacokinetic phase I study also in Iceland [181]. The mean half-life of the transfused 
MBL was 3 days (varied from 1 to 7 days between individuals), and to maintain an MBL level of at 
least 1 µg/mL, the infusions of 0.1 mg MBL/kg body weight is required.

Concerns of possible viral or prion contamination and the high prevalence of MBL defi ciency 
prompted the production of recombinant MBL (rMBL) in a human embryonic kidney (HEK) cell 
line [182]. The HEK cells expressed a wide range of rMBL oligomers as seen also by other investi-
gators [183]. However, affi nity chromatography on mannose-derived TSK beads allowed the 
purifi cation of MBL oligomers corresponding to the plasma-derived MBL used for therapy 
[184,185]. The rMBL was safely administrated in healthy individuals with MBL levels below 
0.5 µg/mL. A single i.v. dose of 0.5 mg MBL/kg body weight increased the MBL level to approxi-
mately 10 µg/mL with a half life of 30 h [186].

Clinical investigations point to patient groups that may benefi t from MBL therapy. Under 
normal conditions most MBL-defi cient individuals show no clinical symptoms, which indicates 
that an additional immune disorder needs to be present for manifest increased susceptibility to 
infections. Positive effects of rhMBL have already been reported in different animal models 
[170,175,187], suggesting that MBL therapy may be effective as prophylaxis or treatment particu-
larly in immunocompromised patients. MBL-defi cient patients with acute or recurrent infections 
may also benefi t from MBL therapy. While the review has focused on infection, other studies 
indicate that rMBL might be envisaged as a disease-modifying drug in autoimmune or chronic 
diseases.

22.6 CONCLUSION AND FUTURE DIRECTIONS

It can be quite bewildering trying to get a grasp of the literature on MBL and disease even when 
focusing on infections. In this chapter, we have tried to give a comprehensive overview of clinical 
investigations on MBL and infections without too much discrimination with regard to number of 
cases or the quality of the reports. Comparing results from different groups are diffi cult on several 
levels: Patient defi nitions and treatments not only vary, but also the defi nitions of MBL defi ciency in 
terms of MBL levels in serum or plasma and in terms of defi ciency-associated allotypes or geno-
types vary. MBL defi ciency was in early reports simply determined as MBL levels below detection 
limit. With accumulating clinical information, it has become customary rather to use levels of some-
where between 200 and 1000 ng/mL as cut-off. However, one would be well advised to regard these 
levels as only possibly useful guidelines, since the level at which MBL becomes clinically relevant 
may well vary with the disease studies. This means that nonparametric analyses of the data may be 
pertinent. One should certainly never use the means of MBL concentrations, as this is forbidden 
when analyzing for components, which, like MBL, show clearly non-Gaussian distributions. How 
MBL is estimated is another variable, and unfortunately, no internationally accepted standard exists. 
Most sandwich assays appear to measure about the same levels as obtained by assays employing a 
mannan-coat as the fi rst layer [188]. This is fortunate since poorly oligomerized MBL can be found 
in sera from O/O individuals, mostly below 0.5 µg/mL, but reportedly even higher. This aberrant 
MBL has no known biological effector function. In terms of genotyping, one should be aware that 
only some of the more recent papers include analysis for the XL promotor allotype. This is quite 
critical, since the gene frequency of this variant allotype (always linked to structural allotype A) is 
high in Caucasians (about 20%), and in conjunction with a variant coding allotype on the other 
chromosome always result in very low MBL levels.

Inherited MBL defi ciency is the most common congenital immunodefi ciency with a frequency of 
10%–20% of Caucasians and even higher in other populations [189]. Clearly, the vast majority of these 
individuals suffer no problems from this defi ciency. The immune defence is beautifully redundant. 
MBL, like other complement components, should be regarded as a disease modifi er, rather than as the 
determining cause of the observed clinical symptoms. This also means that epidemiological studies 
focused on nonselected populations face diffi culties in detecting correlations between diseases and 
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MBL genotypes or levels, as was indeed revealed when investigating the so-called Copenhagen City 
Heart study encompassing 9245 healthy, adult Danes [190]. As detailed above, numerous studies 
focusing on patient groups admitted to hospital, generally tertiary referral units, have shown convincing 
associations between MBL defi ciency and infections. Such studies enjoy the advantage of concentrating 
patients with special diagnosis from very large populations and including only severe cases. Thus, when 
a group of a few hundred patients is analyzed, they may be derived from a population of millions.

Investigations on MBL knockout mice illustrate that MBL has an effect on experimental infections, 
not least the reconstitution of the wild-type phenotype by infusion with recombinant MBL appears con-
vincing. Caution is of cause always called for when generalizing from murine experiments.

When considering the studies presented in this chapter, it may appear perplexing to arrive at any solid 
conclusions as the biological effects and clinical meaning of MBL. For those who believe that MBL 
replacement therapy will show benefi cial effects for patients suffering from infections in one or another 
clinical situation, it is to be hoped that one can narrow down small groups of indications with maximal 
possibility of effect of such treatment in order that the development of such treatment may proceed.
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23.1 INTRODUCTION

Surfactant proteins A (SP-A) and D (SP-D) are soluble host defense pattern recognition collectins 
that recognize carbohydrate arrays present on broad spectrum of microbes [1–3]. These proteins and 
serum collectin mannan-binding lectins (MBL) preferentially bind carbohydrate and lipid moieties 
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via their globular domains to facilitate immune functions such as agglutination of bacteria, neutral-
ization of viruses, and clearance of bacteria and fungi. SP-A and SP-D also interact with immuno-
globulins, complement component C1q, and receptors present on adaptive and innate immune cells 
that results in enhanced microbial clearance and reduced lung infl ammation [4,5]. Both of these col-
lectins also recognize apoptotic immune cells and their components to mediate their clearance. 
These proteins, particularly SP-D, regulate lipid homeostasis in the lung [6–8]. Although SP-A is 
primarily confi ned to the respiratory system, SP-D is present in several extrapulmonary tissues and 
at mucosal surfaces. Notably, concentrations of SP-A and SP-D are signifi cantly altered in lung 
washing as well as in serum during several disease conditions. Furthermore, certain genetic poly-
morphisms of SP-D (Met11Thr) are known to alter the oligomeric assembly of the protein. There-
fore, these collectins may be used as valuable disease markers.

23.2 TISSUE DISTRIBUTION OF SP-A AND SP-D

SP-A and SP-D were originally discovered from the pulmonary surfactant [9–12], a proteolipid 
complex that overlies the epithelial layer of the lung. These collectins constitute more than 90% 
(w/w) of the proteins found associated with lung surfactant lipids. Therefore, SP-A and SP-D are 
ideally located and situated for effectively opsonizing microbes and carbohydrate-coated molecules 
that reach the enormously large inner surface of the lungs (~100 m2). Although SP-A is primarily 
expressed in the respiratory and urogenital tracts [13], SP-D is expressed in several other mucosal 
surfaces and extrapulmonary tissues including gut, skin, and ovary [13–17]. Both SP-A and SP-D 
are detectable in the blood, and considered as biomarkers for many lung diseases.

23.3 STRUCTURE OF SP-A AND SP-D

Similar to other collectins, both SP-A and SP-D contain a short interchain disulfi de bond-forming 
N-terminal segment, a collagen-like region with Gly-Xaa-Yaa repeats (where X is any amino acid 
and Y is often hydroxyproline or hydroxylysine), a hydrophobic neck region [18,19], and a C-terminal 
globular domain [20,21]. Trimeric subunits of SP-A (3 × ~26–32 kDa) assemble as an octadecamer 
(540 kDa) by forming a common collagenous stem. These oligomers are further stabilized by cova-
lent interchain disulfi de bond formation at the short N-terminal segment [22,23]. The ~20 nm-long 
quaternary structural assembly orients all the carbohydrate recognition domains (CRDs) to a similar 
plane [24,25]. Further oligomerization of SP-A results in the formation of multi- or unidirectional 
protein fi bers, ranging up to a few micrometers in length [25,26] (Figures 23.1 and 23.2). Trimeric 
SP-D subunits (3 × 43 kDa) assemble as higher order oligomers via the interactions at the N-terminal 
segments and only at the proximal parts of the collagen-like regions [27,28]. Dodecameric SP-D 
molecules appear as X-shaped ~100 nm-long assemblies (516 kDa) whereas higher order multimers 
appear as “asterisks or fuzzy balls” [21,27].

SP-D has several common polymorphic forms. Recent studies show that native and recombinant 
form of SP-D with Thr/Thr11 variant predominantly assembles as trimers. It lacks the usual higher 
order multimeric form observed for other polymorphic forms of SP-D [29]. The Thr/Thr11 variant 
occurs in approximately 17% of the Danish population, and is associated with lower serum levels of 
SP-D. Additional studies in other populations have found a similar frequency of the Thr/Thr11 variant 
of SP-D [30], suggesting that the polymorphism has been conserved in many populations. The trimeric 
form of SP-D had reduced binding to mannan, several types of bacteria and infl uenza A virus (IAV), 
as compared to binding by the multimeric Met/Met11 form of SP-D. Interestingly, despite reduced 
binding to these microbes, the trimeric form of SP-D had equivalent binding to lipopolysaccharide 
(LPS) [29] and to human neutrophils defensins [31]. Binding of this SP-D to LPS or human neutro-
phils defensins was not mediated by the calcium-dependent lectin activity of the protein (in contrast to 
binding to bacteria or IAV). Recently, it was demonstrated that natural SP-D in the trimeric form not 
only has reduced ability to bind IAV, but has less viral neutralizing activity, supporting the hypothesis 
that the Thr/Thr11 form of SP-D may be associated with reduced innate defense against IAV [32]. The 
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FIGURE 23.1 (See CD for color fi gure.) Functions of SP-A and SP-D. SP-A and SP-D bind to a variety of 
microbes, allergens, immunoglobulins, apoptotic cells, and DNA and thereby function as opsonins to enhance 
uptake of these cells and particles to phagocytes (Mφ and PMN) including dendritic cells (DC). The binding 
of SP-A and SP-D to pathogens occurs by different mechanisms. Some pathogens are aggregated or directly 
lysed after binding and the collectins also have direct effects on immune cells and modulate the production of 
cutokines and other infl ammatory mediators.

C1q MBL SP-A Ficolin
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FIGURE 23.2 Subunit and oligomeric structure of SP-A and SP-D. The oligomeric structures are compared 
to related proteins. The molecules are drawn to show approximate relative dimensions.
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Thr/Thr11 variant is associated with increased risk of Mycobacterium tuberculosis infection [33] and the 
Met/Met11 form is associated with increased severity of respiratory syncytial virus (RSV) infection [34].

The globular domains of SP-A and SP-D are primarily responsible for their interactions with 
many macromolecules (Figure 23.3). SP-A preferentially binds to dipalmitoylphosphatidylcholine, 
the major surface tension reducing lipid component (~40%–50%, w/w) of the pulmonary surfactant 
[35,36], via its globular domain [35,37–39]. The phospholipid-binding domain of SP-A partially 
overlaps with that of the carbohydrate-binding domain [37,40–42]. In contrast, globular domains of 
SP-D bind phosphatidylinositol, a minor lipid component (~2%, w/w of the lipid) of the surfactant 
lipid [43,44]. This calcium-dependent phospholipid binding ability of SP-D is similar to that of the 
serum collectin MBL [40,45]. Carbohydrate-binding pockets of SP-D trimers are spaced as a trian-
gle with ~51 Å to each side (Figure 23.3) [18]. These sites bind hydroxyl groups present on the 
terminal glucose and related saccharide moieties via calcium-coordinated bonds [46]. It was recently 
demonstrated that extended carbohydrates like p-nitro-phenyl-a-d-maltoside binds with nearly a 
log-fold higher affi nity than maltose, the prototypical carbohydrate competitor for CRDs of SP-D, 

FIGURE 23.3 (See color insert following blank page 170. Also see CD for color fi gure.) Crystal structure of tri-
meric nCRD SP-A with calcium (From Head, J.F., Mealy, T.R., McCormack, F.X., and Seaton, B.A., J. Biol. 
Chem., 278, 43254, 2003) bound and crystal structure of nCRD SP-D bound to maltotriose (From Crouch, E., et al., 
J. Biol. Chem., 281, 18008, 2006). The fi gure is made using PyMOL and the atomic coordinates and structure 
factors (code 1R13 [SP-A] and code 2GGU [SP-D]) are obtained from www.scsb.org. The ribbon presentations 
are shown as site view and top views while the electrostatic surface representations are shown as top views.

SP-D SP-A

(B)

(D)
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(C)
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and that residues outside the calcium-binding pocket was responsible for this binding [47]. The 
center of the three globular domains of one SP-D subunit further has a positively charged surface, 
suggesting that it may interact effectively with negatively charged components such as DNA and 
LPS via charge interactions [18,48].

23.4 FUNCTIONS OF SP-A AND SP-D

Since these collectins bind to a variety of ligands, they are suggested to modulate several physiologi-
cal and pathophysiological functions (Figure 23.1) in addition to their roles in innate immunity 
[49,50]. The functions attributed to these proteins include the alleviation of allergic responses 
[51–55], maintenance of surfactant homeostasis [6,7] and surface activity of surfactant in the pres-
ence of inhibitors [22,38], prevention of lipid oxidation [56,57], opsonization of apoptotic cells 
[58,59] and their debris [60] for removal, enhancement of pathogen clearance, and maintenance of 
infl ammation-free lung and other tissues [61–63].

23.4.1 SP-A AND SP-D ARE PATTERN RECOGNITION MOLECULES

SP-A and SP-D recognize repeating patterns present on microbes and dying cells. They recognize 
bacterial (LPS, PGN, LTA, LAM), fungal (mannan), and viral (G- and F-protein from RSV, hemag-
glutinin of infl uenza, gp-120 of HIV) and mycoplasma (lipids) surface molecules effi ciently. Carbo-
hydrate targets present on the host cells are primarily sialic acid based sugars, and hence, are not 
suitable targets for collectins. However, when the host cells are altered in the apoptotic process, 
intracellular contents are brought onto the cell surface or released and these molecules become 
target for collectins. Some of these molecules include nucleic acids (DNA, RNA) [60,64] and 
glycosaminoglycan [65], and SP-D binds to these components. Recent studies indicate that SP-A 
and SP-D also bind antibody molecules (IgG, IgM, sIgA, IgE) and complement component C1q 
[3,66,67]. Therefore, SP-A and SP-D could exert immune functions by multiple mechanisms.

23.4.2 DIRECT KILLING OF MICROBES

Binding of collectins to the microbial surface increases the permeability of the membrane 
[68,69]. Therefore, like several other bacteriocidal peptides, collectins also participate in direct 
killing of microbial pathogens, including Gram-negative bacteria, Gram-positive bacteria, and 
fungi [70,71]. Interestingly SP-D was recently demonstrated to bind directly to human neutrophil 
defensins, and in some instances, a cooperative antimicrobial effect between SP-D and the 
defensins were noted [31].

23.4.3 MICROBIAL AGGLUTINATION

It is well known that antibodies (10–20 nm) will bind their target antigens and form immune complexes 
and form aggregates. In line with this, collectins with multiple subunits effectively agglutinate their 
targets. SP-D, which has “X” or “asterisk”-like oligomers orienting the trimeric CRDs in multiple 
directions, agglutinate microorganisms effectively [72]. The agglutination results in the arrest in micro-
bial growth and increases ability of the macrophages to phagocyte the immune complexes.

23.4.4 CHEMOTAXIS OF PHAGOCYTES

Both SP-A and SP-D act as chemotactic agents so that the phagocytes are recruited to the site where 
collectin concentrations are high [73–76]. Binding of collectins appears to induce directed actin 
polymerization for phagocytes migration [77]. This ability is useful for identifying the killed or 
aggregated pathogens at the site of infections.
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23.4.5 PHAGOCYTOSIS

Collectin-coated microbes are phagocytosed more effectively than unopsonized ones. Although the mecha-
nistic details are not clearly established, collectins appear to affect both the microbes and immune cells 
during phagocytosis. It was recently demonstrated that SP-A and SP-D enhance the phagocytosis of Myco-
baterium avium through increased activity of the macrophage mannose receptor [78] and that SP-A aug-
ments the phagocytosis of Streptococcus pneumonia by increasing the cell surface expression of the classical 
scavenger receptor A [79]. Several candidate receptors for SP-A and SP-D have been suggested to exist on 
phagocytes such as alveolar type II cells [76,80,81], macrophages [82,83], and neutrophils [84].

23.4.5.1 Alveolar Type II Cells

Alveolar type II cells are secretory and phagocytic cells [85,86]. SP-A interacts with receptors on 
these cells via the collagen-like region [87] or CRDs [88] and is internalized by the coated-pit path-
way [89]. Both SP-A and SP-D are internalized and resecreted by type II cells, but only SP-A 
appears to have the ability to regulate lipid recycling [80]. Although the effect of SP-A on type II cell 
and lipid recycling has been well-established in vitro [22], SP-A knockout mouse models showed 
no apparent defect in lipid homeostasis [63,90].

23.4.5.2 Macrophages and Monocytes

SP-A and SP-D bind to monocytic cells or cell lines and alveolar macrophages [91,92]. Binding of 
SP-D to alveolar macrophages [92] and although the receptors for these molecules are not clearly 
identifi ed, these collectins are internalized and degraded by phagocytes [93,94]. Mouse models 
show that SP-D, but not SP-A, defi ciency leads to the accumulation of macrophages and lipids in the 
mouse lungs [6,7]. These defects could be corrected by treatment with native SP-D [62] or recom-
binant fragments of SP-D, or SP-D(n/CRD) [58].

23.4.5.3 Neutrophils

Microbes opsonized by both SP-A and SP-D are preferentially phagocytosed by polymorphonuclear 
leukocytes (PMNs or PML) [75,84]. LPS-mediated infl ammatory changes particularly increase the 
amount of SP-D associated with PMNs and lung tissue [76]. Like alveolar macrophages, PMNs also 
phagocytose the lipids present in the lung [95], and lipid concentration may be altered by PMNs 
during lung injury and infl ammation.

23.4.5.4 Lymphocytes

The CD8 cytotoxic T-cells directly kill infected cells by inducing apoptosis. In contrast, TH1-type 
CD4 cells secrete IFN-γ and IL-2, which are important for activating macrophages and preventing 
granulomatous disease such as tuberculosis. The TH2-type CD4 cells secrete IL-4, IL-5, IL-10, and 
IL-13, which are important to induce antibody generation and secretion from B-lymphocytes. 
Current paradigm is that the shift from TH2 to TH1 type CD4 cells and cytokine profi les is essential 
to minimize pulmonary allergy and asthma [96,97]. SP-A and SP-D alleviate allergy and modulate 
adaptive immune response [54,97–99]. SP-A and SP-D appear to interact with lymphocytes via the 
collagen-like region of the protein [99,100] and the IL-4 and IL-13 seems to form a negative 
feedback circuit with surfactant protein-D in the allergic airway response [101].

23.4.6 INTRACELLULAR KILLING

SP-A and SP-D-mediated uptake of immune complexes or binding collectins to phagocytes 
increases the oxidative bust in immune cells [102,103]. The exact molecular mechanisms, however, 
have been not determined.
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23.4.7 CLEARANCE OF APOPTOTIC CELLS

SP-D deficiency results in the accumulation of apoptotic alveolar macrophages in the lungs 
[58]. Treatment of these mice with a 60 kDa SP-D (n/CRD) recombinant fragment that con-
tains the proximal collagen-like (Gly-X-Y)8 region, neck, and CRDs, or native SP-D corrects 
accumulation of apoptotic alveolar macrophages [58]. SP-A and SP-D recognize apoptotic 
cells [59], however, the molecules that they recognize on the surface of these cells are uncer-
tain. SP-D, but not SP-A, effectively binds nucleic acids (DNA and RNA) via both its colla-
gen-like regions and globular CRDs (Figure 23.3) [104]. This binding appears to be important 
in vivo since SP-D knockout mice accumulate DNA in the lung and anti-DNA antibodies in 
the sera [104].

23.4.8 ANTIGEN PRESENTATION VIA DENDRITIC CELLS

SP-A and SP-D are involved in dendritic cell (DC)-mediated uptake and processing of antigens 
[105,106]. It is known that immature DCs act only as phagocytes, whereas the mature DCs process 
foreign antigen, and present them to the adaptive immune system. SP-A inhibits DC differentiation 
and subsequent DC-mediated T-cell activation, whereas SP-D promotes these functions. This fi nd-
ing represents a signifi cant understanding of the role of SP-A and SP-D in interlinking innate and 
adaptive immunity [49].

23.5 LINKING INNATE AND ADAPTIVE IMMUNE SYSTEMS

Antibodies and complement proteins are important molecules in executing the functions of adaptive 
immunity. Both SP-A [66] and SP-D [3] recognize antibody molecules via their CRDs. Since SP-D 
effectively recognizes various antibody molecules including IgG, secretory IgA, IgE, and IgM, and 
enhances IgG-coated model immune complexes [3,66], it could utilize the adaptive immune mole-
cules for effective clearance of immune complexes. SP-A and SP-D also interact with complement 
protein C1q [67]. SP-A–C1q interactions have been proposed to downregulate complement activation 
and subsequent infl ammatory response [107].

Interestingly, collectins are evolutionarily more ancient molecules than antibodies. For example, 
tunicates express collectins whereas antibodies are only detected in younger organisms such as lam-
prey [108]. Therefore, higher organisms have the advantage that innate immune molecules such as 
collectins recognize carbohydrate arrays on microbes and are furthermore able to utilize antibody 
molecules to effectively defend the host against microbial pathogens.

Toll-like receptors (TLRs) are transmembrane proteins that contain extracellular leucine-
rich repeat (LRR) domains. They are present on phagocytes, bind microbial cell-surface com-
ponents, and regulate signaling pathways to initiate an immune response. Both SP-A and SP-D 
interact with TLRs. SP-A directly interacts with TLR-2 and reduces the interaction between 
soluble ligands and the receptor, and suppresses TNF-α production by U937 monocytic cells 
[109]. SP-A also interacts with TLR-4 and modulates infl ammation [110]. SP-D likewise binds 
decorin, another LRR domain-containing protein [65], and TLR-2 and TLR-4 [111]. Therefore, 
SP-A and SP-D could interlink innate and adaptive immune systems via more than one 
mechanism.

23.6 RECEPTOR INTERACTIONS OF THE PULMONARY COLLECTINS

SP-A and SP-D mediate multiple functions via different receptors. These collectins interact with 
proteins/receptors, including decorin [65], glycoprotein-340 (gp-340) [112,113], and microfi bril-
associated protein 4 (MFAP-4) [114,115]. When collectins bind apoptotic cells, they interact with 
CD91/calreticulin receptor complex [59,82,116]. It has been proposed that collectins may act either 
as pro- or anti-infl ammatory proteins depending on their interactions with CD91/calreticulin and 
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signal inhibitory regulatory protein α. The orientation of collectins with respect to the ligands and 
phagocytes appears to determine the signaling pathways [82]. CD14 is another receptor involved in 
apoptotic cell clearance. Both SP-A and SP-D interact with this receptor, hence, such binding may 
be important for microbial and apoptotic cell clearance [117,118]. SP-A and SP-D has been impli-
cated to interact with several other receptors or binding molecules [119].

23.7 OTHER FUNCTIONS

SP-A is essential for reorganization of lung surfactant into intricate tubular arrays known as tubular 
myelin (TM) [26,120,121]. TM has previously been considered as an essential intermediate in the 
conversion of secreted lamellar body into the surfactant fi lm. SP-A knockout mice lack TM but form 
stable surfactant fi lm [90,122,123], therefore, TM is not essential for surface-active fi lm formation. 
However, the SP-A–TM interaction may be important under altered physiological conditions such 
as hyperventilation [124].

Gene-knockout mice models show that SP-D plays an important function in lipid homeostasis 
in vivo [6,7]. Lipid-related defects include an age-dependent accumulation of surfactant lipids in the 
alveolus and alveolar macrophages. SP-D knockout mice have chronically infl amed lungs, increased 
matrix metalloproteinase expression, and progressive development of emphysema and fi brosis. 
Globular domains of these proteins inhibit the oxidation of lipids [56], and SP-A prevents the inac-
tivation of surfactant fi lm by oxidized lipids in vitro [57]. Moreover, enhanced bodyweight and fat 
percentage characterize SP-D-defi cient mice [125].

23.8 DISEASES

Although human disease resulting from one or more mutations or deletions in SP-A or SP-D has not 
been identifi ed, SP-A and SP-D are considered to be markers of or contributors to the pathogenesis of 
clinical conditions characterized by increased mucosal infl ammation or lung parenchyma damage. In 
addition, accumulating evidence in mouse models of infection and infl ammation indicates that recom-
binant forms of the surfactant proteins are biologically active in vivo and may have therapeutic poten-
tial in controlling pulmonary infl ammatory disease. The presence of the surfactant collectins, especially 
SP-D, in nonpulmonary tissues, such as the gastrointestinal tract and genital organs, suggest additional 
actions located to other mucosal surfaces. In the following sections, we highlight the roles of SP-A and 
SP-D in infectious diseases, asthma, and cystic fi brosis (CF). We refer the readers to Sorensen et al. 
[126] for a detailed review on the effects of SP-A and SP-D in human pulmonary disease.

23.8.1 BACTERIAL INFECTIONS

SP-A and SP-D bind Gram-positive and Gram-negative bacteria as well as mycobacteria. These 
interactions result in differential biological response. The major cell wall component of Gram-negative 
bacteria is LPS, which is a ligand for both SP-A and SP-D, and the concentrations of both of these 
proteins increase in response to intratracheal instillation of LPS [127]. SP-A binds and aggregates lipid 
A and LPS from rough strains, but not LPS from smooth strains [128], whereas SP-D binds to LPS 
core polysaccharides. SP-A, but not SP-D, increases the uptake and degradation of LPS by alveolar 
macrophages [129]. A possible mechanism is that SP-A binds directly to CD14 and inhibits LPS 
binding and cellular responses to LPS [128]. However, both SP-D and MBL also bind CD14 
[117,130] but by different mechanism. CD14 binds complexes of LPS and LPS-binding protein and 
then forms a complex with TLR4 and MD-2. This leads to stimulation of cells by the induction of 
NF-κB. Recombinant SP-D administration improved survival of newborn lambs exposed to intratra-
cheal LPS indicating its involvement in the resolution of endotoxin induced lung injury [131]. SP-A 
binds to Hemophilus infl uenzae type A via P2 outer membrane protein, but not to the highly virulent 
type B strain [132].
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SP-A and SP-D also bind to Gram-positive bacteria where the ligand for SP-D is lipoteichoic 
acid and peptidoglycan [133]. The major cell wall components of Gram-positive bacteria are pepti-
doglycan and lipoteichoic acid. Although SP-A does not bind peptidoglycan, it signifi cantly reduces 
peptidoglycan-elicited TNF-α secretion from alveolar macrophages by a mechanism that involves 
direct binding of SP-A to TLR2 [109]. SP-D binds both of the major ligands present on Gram-positive 
bacteria [133].

SP-A binds mycobacteria and increases the phagocytosis of M. tuberculosis by alveolar 
macrophages [134]. In contrast, SP-D inhibits uptake of M. tuberculosis by alveolar macrophages, 
a process that is independent of bacterial agglutination [135]. Increased attachment of M. tuberculosis 
to the alveolar macrophage often increases the pathogenesis of pulmonary tuberculosis. Both SP-A 
and SP-D bind lipoarabinomannan of mycobacteria [136,137]. Although the recognition of LAMs 
by SP-A requires lipid components, binding of SP-D to LAMs requires lectin–carbohydrate type 
interactions. These proteins appear to work in concert with mannose receptor to exert their biological 
functions in the killing and clearance of mycobacteria [138].

Studies conducted in Spa (−/−) and Spd (−/−) mice suggest that these proteins promote the 
clearance of microbial cell wall components from the lung and protect the lung from infl ammatory 
injury [139].

23.8.2 FUNGAL INFECTION

SP-A and SP-D recognize several fungi and the major interactions occur via cell wall mannan 
or other glycoproteins [1]. Pneumocystis carinii is a common cause of life-threatening pneumonia 
in immunocompromised patients. SP-A and SP-D bind specifi cally to the surface of P. carinii, 
reacting with the glycoprotein gpA. SP-A and SP-D are found on the surface of P. carinii in 
fresh isolates and both molecules enhance the binding of P. carinii to alveolar macrophages 
[140]. These collectins bind uncapsulated Cryptococcus neoformans [141], but only SP-D 
agglutinates the fungus. Aspergillus fumigatus is an opportunistic pathogen and causes pulmonary 
infections mainly in immunosuppressed hosts. Both SP-A and SP-D bind carbohydrate 
moieties present on A. fumigatus conidia in a calcium-dependent manner [142]. They enhance 
the phagocytosis and killing of A. fumigatus conidia by human alveolar macrophages and 
circulating neutrophils [75]. Interestingly, intranasal administration of SP-D increased survival 
from 0% to 80% in a murine model of invasive pulmonary aspergillosis and this treatment was 
as effi cient as treatment with amphotericin B [75].

23.8.3 VIRAL INFECTIONS

SP-A and SP-D bind glycoproteins present on enveloped viruses, including infl uenza virus, human 
immunodefi ciency virus (HIV), and herpes simplex virus. They also bind to the nonenveloped rota-
virus. In general, the binding is due to the interaction of the collectin carbohydrate-binding site with 
viral envelope glycoprotein, but the binding of SP-A to infl uenza A virus and to herpes simplex virus 
1 is through the interaction of a viral lectin with the N-linked carbohydrate on the CRD of SP-A. 
Both inhibition and promotion of viral infection by the collectins have been reported.

The interaction between collectins and infl uenza A virus has been extensively examined both 
in vitro and in vivo [4]. SP-D [143,144] and SP-A [143,145] inhibit infl uenza virus hemagglutination 
and infectivity. SP-D strongly agglutinates virus, which could lead to mucociliary clearance of the 
virus. SP-D also enhances the binding and uptake of infl uenza A virus by neutrophil granulocytes 
[143,146], which protects the neutrophils against infl uenza A virus-mediated depression of 
functional activity. Instead, an enhanced respiratory burst response to infl uenza A virus is observed 
when SP-D is present [144]. SP-A also mediates the binding of infl uenza A to neutrophils, but this 
does not protect the neutrophils against the virus [143]. In contrast, SP-A opsonizes infl uenza 
A virus for phagocytosis by alveolar macrophages, an effect not shown by SP-D [147].
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23.8.4 ALLERGY AND ASTHMA

SP-A and SP-D are signifi cantly altered in allergy and related conditions [54,98,148,149]. These 
collectins appear to modulate multiple mechanisms: They block the interaction between IgE and 
allergens [98,150] and block the binding of allergens to IgE and subsequent histamine release by 
basophils [98] and mononucleated cells [99]. SP-A inhibits the secretion of IL-8 by eosinophils 
[151], suggesting that it may dampen the infl ammatory response. Animal models show that both 
SP-A and SP-D reduce IgE, blood eosinophilia, allergic responses, and airway hypersensitivity 
[51,54]. Interestingly, treatment of allergic mice with SP-A and SP-D suppresses subsequent allergic 
reactions. Collectin-treated mice continued to maintain low concentrations of IgE and eosinophils in 
the serum whereas allergen exposure leads to an immediate and dramatic (~10-fold) upregulation of 
these collectin, particularly SP-D, concentrations in the lung [52,53,55,149,152,153]. Overexpres-
sion of allergic type (TH2) cytokines such as IL-5 [152] and IL-13 [154] also results in the upregula-
tion of SP-D.

SP-A and SP-D concentrations increase in alveolar lavage of asthmatic patients [155]. The base-
line levels of SP-D were also signifi cantly elevated in serum of allergic asthmatic patients. Serum 
SP-D was predictive of the late asthmatic response and for eosinophil cationic protein concentra-
tions after allergen challenge [156]. A variety of small clinical studies and case studies have never-
theless indicated raised serum SP-D levels associated to allergy [157–161]. Despite the somewhat 
contradictory data regarding the relations between SP-A/SP-D levels and asthma/allergy, mouse 
models, explants investigations, and cell culture studies together propose essential roles for SP-A 
and SP-D in immune regulation involved in the pathogenesis of allergic asthma.

23.8.5 CYSTIC FIBROSIS

CF is caused by a mutation in an ion transporter protein, however, the morbidity and mortality 
of CF patients are attributable to lung infections. SP-A concentration is high in the bronchoal-
veolar lavage fl uid (BALF) of infants and young children irrespective of the presence or absence 
of pulmonary infl ammation [162]. However, in older children and adults with CF, the SP-A 
concentration is low in BALF [163–166]. The SP-D concentration in the BALF of young 
patients with CF is low [167] as well as in patients with CF with more advanced lung disease 
[163]. However, in patients who were clinically stable, the SP-D (in contrast to SP-A) was not 
signifi cantly decreased unless infection was present [166].

Proteases in CF lungs degrade SP-A and SP-D [2,168–173]. SP-A [174–177] and SP-D 
[166,178,179] enhance the phagocytosis of CF associated pathogenic microorganism Pseudomonas 
aeruginosa. A recent study has further demonstrated partial restoration of phagocytosis and CD14 
expression by SP-A treatment of CF bronchoalveolar cells ex vivo, indicating that some defects may 
be reversible in CF patients [180]. The clearance of apoptotic cells, which is further of critical 
importance in the control of infl ammation, is defective in CF and may be affected by both SP-A and 
SP-D [59]. Serum SP-D was markedly increased in CF patients. Serum SP-D levels were suitable 
for monitoring pulmonary function, but not suitable for diagnosis of the infection [181]. On the basis 
of such data, therapy based on pulmonary administration of recombinant SP-D or guidance of 
therapy based on proteomic evaluation of pulmonary protein composition have previously been 
suggested [169,182].

23.9 CONCLUSION AND FUTURE DIRECTIONS

On the basis of the activity in vitro, their patterns of expression and gene regulation, and their 
involvement in pathways of innate immunity, SP-A and SP-D are suggested to serve as host defence 
molecules both by direct antimicrobial activities and immunoregulatory functions. Moreover, mouse 
models of gene defi ciency have supported specifi c antimicrobial effects of the molecules and a role 
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in regulation of infl ammation. SP-D was further recognized as a regulator of lipid homeostasis. The 
two collectins have thus emerged as effector molecules of the innate immune system involving 
activities not only as endogenous antibiotics but also as mediators of infl ammation. They also involve 
in the cross-talk between innate and adaptive immunity through interactions with complement 
system via antibody molecules, and DCs via TLRs.

Future perspectives in collectin research include a more elaborate description of the immuno-
regulatory functions of SP-A and SP-D. The signaling has primarily been recognized in terms of its 
boosting effect on cellular responsiveness in host defence systems. Further comprehensive under-
standing of this signaling may contribute to the development of potential therapeutic applications. 
Despite suggestive benefi ts of replacement therapy and the value of SP-A and SP-D in predicting the 
susceptibility of certain diseases or the extent of disease like infection, asthma, and CF, for now, 
investigation of the collectin status remains primarily a research tool. Future studies should include 
a more rigorous examination of collectin status by both measurement of systemic levels and geno-
typing in large patient cohorts. This may help to identify the most important disease associations and 
identify those clinical settings in which replacement therapy is most likely to be benefi cial.
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24.1 INTRODUCTION: THE IMMUNE RESPONSE

One of the most fascinating tasks of the immune system is to detect the presence of infectious agents 
and remove or inactivate the invader without destroying the host self-tissues. This process needs to 
be regulated with enormous precision given the enormous molecular variety of pathogens and their 
high replication and mutation rates. The fi rst immune cells to come in contact with invading pathogens 
are dendritic cells (DCs), the sentinels of the immune system. DCs recognize microbial structures 
and through cell–cell interactions with T cells, an immune response is elicited. Sometimes the 
immune system fails to induce a proper response, resulting in immunodefi ciency disorders, autoimmune 
disease, allergic reactions, and cancer.

24.2 DENDRITIC CELLS, SENTINELS OF THE IMMUNE SYSTEM

DCs are professional antigen-presenting cells (APC), which are strategically positioned at the 
boundaries between the inner and the outside world [1]. The development of DCs is considered to 
occur in distinct stages. Hematopoietic pluripotent stem cells, under as yet unknown infl uences, 
constantly generate DC progenitors in the bone marrow, which give rise to circulating precursors in 
the blood [2]. These DC precursors are scattered throughout the body in virtually all nonlymphoid 
tissues, such as skin and mucosal tissue via the blood circulation and function as a continuous 
surveillance patrol for incoming foreign antigens. DCs positioned in the peripheral tissues are 
called immature DCs. Immature DCs have the unique capacity to effi ciently capture antigens and 
process these antigens endogenously for presentation in cell-surface expressed major histocompatibility 
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complex (MHC) class I and II molecules. To become licensed to activate naïve T helper cells, DCs 
must undergo a maturation process during the migration from the peripheral tissues to the lymph 
nodes. In the lymph node, the captured antigen is presented to the naïve T cells. Maturation of DCs 
is characterized by a decreased Ag-uptake capacity and an increased cell surface expression of major 
MHC and costimulatory molecules that are involved in T cell activation [1]. In addition, rearrange-
ment of cytoskeleton, adhesion molecules, and cytokine receptors upon maturation allow DCs to 
migrate from peripheral tissues to secondary lymphoid organs [3].

DCs play a pivotal role in the immune response by providing signals that direct naïve T helper 
(Th) cells to proliferate and differentiate into Th1, Th2, or T regulatory cells. Three signals are deliv-
ered by an APC that are thought to determine the fate of naïve T cells (Figure 24.1) [4]. Recently it 
has been shown that the signals delivered by the APC to the T cell determine its polarization into a 
specifi c type of effector cell, referred to as signal 3 (Figure 24.1). T helper 1 cells activate cytotoxic 
T cells and stimulate the microbicidal properties of macrophages (cell-mediated immune response). 
T helper 2 cells initiate the humoral immune response by activating naïve antigen-specifi c B cells to 
produce antibodies. The polarizing signals are mediated by various soluble and membrane-bound 
factors, such as interleukin-12 (IL-12) or CC-chemokine ligand 2 (CCL2) [5].

For pathogen recognition, DCs express specialized receptors so-called pattern recognition 
receptors (PRRs) expressed on the cell surface of DCs. Two main classes of PRRs expressed by 
DCs are Toll-like receptors (TLRs) and C-type lectin receptors (CLRs). Depending on their 
tissue localization and differentiation state, DCs express different sets of CLR and TLR to allow 
a specialized response to specifi c microbes. In this way, DCs are professional APCs that bridge 
the innate and adaptive immunity that brings pathogen information through DC to instruct 
specifi c T cells.

PAMP or
pathogen

Toll

TCR

Dendritic
cell

MHC-II

Endocytic
PRR

Pathogen

IL-12

CD28

CD80/86 Naive
T cell

IL-4
IL-5
IL-13
IL-10

TH1

IFN-γ

TH2

FIGURE 24.1 (See color insert following blank page 170. Also see CD for color fi gure.) T cell polar-
ization requires three dendritic cell-derived signals. Signal 1 is an antigen-specifi c signal that is mediated 
through T cell receptor (TCR) and MHC class II-associated peptides. Signal 2 is the costimulatory signal, 
mediated by triggering of CD28 by CD80 and CD86. Signal 3 is the polarizing signal mediated by soluble or 
membrane bound factors like cytokines such as IL-12 (Th1) or chemokines such as CCL2 (Th2).
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24.3 TOLL-LIKE RECEPTORS

Human TLRs are type 1 transmembrane glycoproteins characterized by an extracellular domain that 
contains leucine-rich repeat units and cytoplasmic domain of IL-1 receptor, designated as the Toll/
IL-1 receptor (TIR) domain. At least 11 human TLRs have been identifi ed [6], which are expressed 
as homodimers or heterodimers (TLR-2 with TLR-1 and TLR-6 with TLR2, respectively). TLRs 
are broadly expressed on cells of the immune system and are the best-studied immune sensors of 
invading pathogens [7,8].

Their ligands, bacterial products such as nucleic acids, peptidoglycans, lipo-polysaccharide 
(LPS), fl agelin, ds-RNA, or CpG DNA, require internalization to the endosome before signaling is 
possible [9]. Activation of most TLRs induces cellular responses associated with acute and chronic 
infl ammation. When TLR ligands interact with their specifi c TLRs, intracellular adaptor proteins 
transduce signals that lead to enhanced expression of genes encoding cytokines and other infl amma-
tory mediators.

All members of the TLR superfamily signal in a rather similar manner owing to the presence of 
the TIR domain, which activates common signaling pathways, most notably those leading to activa-
tion of the transcription factor nuclear factor κB (NF-κB) and stress-activated protein kinases. These 
pathways are defi ned as the MyD-88-dependent and -independent pathway [10]. TLR ligands form 
a combinatorial code by which DCs discriminate pathogens and this implicates a new strategy for 
priming an immune response.

24.4 C-TYPE LECTINS

The term “C-type lectin receptor” (CLR) designates carbohydrate-binding molecules that bind their 
ligands in a Ca2+-dependent manner through a carbohydrate recognition domain (CRD). The CRD 
contains a well-preserved consensus sequence of approximately 115–130 amino acids, which are 
involved in calcium binding and sugar specifi city. One calcium ion is essential for proper positioning 
of the binding site. The second calcium ion is situated in the primary binding site and coordinates 
ligand binding [11]. In addition, the sugar binding to a lectin depends on subtle differences in the 
arrangements of carbohydrate residues and their branching. Furthermore, the secondary binding site 
within the CRD was shown to play an important role in sugar binding by mutation studies [12,13].

CLRs have diverse functions [14]. They recognize endogenous ligands and thereby mediate 
cell–cell interactions during immune responses. CLRs bind to soluble self-antigens, leading to 
immune tolerance and maintenance of endogenous glycoprotein homeostasis. CLRs function also as 
pathogen recognition receptors through the recognition of pathogen-associated molecular pattern 
(PAMPs). Furthermore, cooperation between TLRs and CLRs has been demonstrated and it seems 
that appropriate immune responses rely on the interaction of many different antigen sensing and 
sampling mechanisms [15,16].

APCs express CLRs that are predominantly type II transmembrane receptors with a single CRD, 
such as DC-specifi c intracellular adhesion molecule 3 (ICAM-3)-grabbing nonintegrin (DC-SIGN), 
MGL, dectin-1, blood DC antigen 2 (BDCA2), and langerin (Figure 24.2). In addition, there are also 
type I transmembrane receptors, such as the mannose receptor and DEC-205, which have multiple 
CRDs, although not all of these act as functional CRDs (Figure 24.2) [14]. True Ca2+-dependent 
CLRs fall into two broad categories, those recognizing mannose- or fucose- or N-acetylglucosamine-
type ligands and those recognizing galactose- or N-acetylgalactosamine-type ligands, which can be 
defi ned by the presence of a distinctive triplet of amino acids within the CRD: EPN for mannose-type 
receptors and QPD for galactose-type receptors [11].

The capacity of CLRs to detect microorganisms depends on the degree of oligomerization of the 
lectin receptor, as well as on the PAMP present on the microbial surface. By creating multimers, in 
which several CRDs point toward a common direction, the binding valency increases and allows 
interactions with the dense carbohydrate expression on microbial surfaces. To increase their binding 
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strength to PAMPs, transmembrane CLRs have developed several strategies. Proteomic analysis 
of membrane-purifi ed DC-SIGN complexes showed that DC-SIGN exists as tetramers on the sur-
face of immature monocyte-derived DCs and that this assembly is required for high binding of 
glycoproteins such as HIV-1 gp120 [17–19]. Biochemical and hydrodynamic studies on truncated 
DC-SIGN demonstrated that the neck portion of each molecule adjacent to the CRD is suffi cient to 
mediate the formation of dimers, whereas the neck regions near the amino-terminal are required to 
stabilize tetramers [19]. The CRDs are fl exibly linked to the neck regions, which project CRDs 
from the cell surface and enable DC-SIGN to bind to various glycans on microbial surfaces [19]. 
Higher levels of organization were shown for DC-SIGN due to clustering on the cell surface of DCs 
[18]. The organization of DC-SIGN in so-called “microdomains” on the plasma membrane is 
important for the binding and internalization of virus particles, suggesting that these multimolecu-
lar assemblies of DC-SIGN act as a docking site for pathogens such as HIV-1 to invade the host.

24.5 DC-SIGN

DC-SIGN (CD209) is a type II membrane C-type lectin with a short amino terminal cytoplasmic tail 
and a single carboxyl terminal CRD [20]. Reports on the carbohydrate specifi city and function within 
the immune system of lectins are emerging the last few years. By using glycan microarray technol-
ogy, the carbohydrate specifi city of lectins can easily be identifi ed. Glycan microarray studies con-
fi rmed that DC-SIGN recognizes two classes of glycans, mannose-containing glycans terminated 
with manα1–2 residues, and various fucosylated glycans with the Fucα1-3GlcNAc- and Fucα1-
4GlcNAc-containing glycans found as terminal sequences of N- and O-linked glycans [21,22].

The cytoplasmic tail of DC-SIGN contains three internalization motives, namely a tyrosine-
based motif of the sequence YKSL, a dileucine motif, and a triacidic cluster EEE. Engering et al. 
showed that the tyrosine motif and the dileucine motif are involved in the ligand-induced internal-
ization of DC-SIGN [23]. As a cell adhesion receptor DC-SIGN mediates interactions between DCs 
and resting T cells through binding to ICAM-3 [20] and supports transendothelial migration through 
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FIGURE 24.2 (See CD for color fi gure.) Two types of C-type lectins are present on dendritic cells. Type I 
transmembrane receptors like DEC-205 and MR contain 8–10 carbohydrate recognition domains (CRDs) 
at their extracellular amino-terminus. Type II transmembrane receptors contain only one CRD at their carboxy-
terminal extracellular domain. Cytoplasmic tails can contain ITIM or ITAM motifs, proline rich domains, or 
tyrosine-based motifs, triacidic cluster or a dileucine motif. 
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interaction with ICAM-2 [24], however, the endogenous carbohydrate ligand still remained incon-
clusive. Recently Lewis antigen has been identifi ed as ligands on ICAM-3 [25] and carcino-embryonic 
antigen (CEA) [26].

Many studies have described the function of DC-SIGN as a pathogen receptor. DC-SIGN binds 
HIV-1 gp120 and facilitates the transport of HIV from mucosal sites to draining lymph nodes where 
infection of T-lymphocytes occurs [27]. The primary structure of the CRD contains conserved resi-
dues consistent with classical mannose-specifi c CRDs. The CRD of DC-SIGN recognizes both 
internal branched mannose residues as well as terminal dimannoses [22,28,29]. Since the identifi ca-
tion of DC-SIGN as HIV-1 receptor on DCs, interactions with other pathogens have been reported 
including Mycobacterium tuberculosis [30], Candida albicans [31], Helicobacter pylori [32], 
Schistosoma mansoni [33], and Neisseria meningitidis [34], but also viruses like hepatitis C virus 
(HCV) [35–37], Ebola [38,39], cytomegalovirus (CMV) [40], and dengue [41]. These interactions 
are due to the mannose- or fucose-type glycans that these pathogens express on their surface or 
that are present in their secretion products.

The function of C-type lectins such as DC-SIGN is to deliver antigens to intracellular compart-
ments resembling late endosomes/lysosomes for degradation and these antigens are subsequently 
presented to T-cells in vitro [23,42]. While data suggest a role for DC-SIGN in host defense, evi-
dence is now accumulating that some pathogens may preferentially interact with DC-SIGN as part 
of a pathogenic strategy and exploit the CLR-mediated uptake to their own benefi t, namely to evade 
the host immune defenses.

24.6 L-SIGN

Liver/lymph node-specifi c ICAM-3-grabbing nonintegrin (L-SIGN/CD209L/DC-SIGN-R) is a 
human homolog of DC-SIGN [43,44]. L-SIGN shares 77% amino acid sequence identity with 
DC-SIGN and has functional similarity by recognizing ICAM-2, ICAM-3, HIV-1 gp120, and 
Ebola. Within the cytoplasmic tail, the most differences between DC-SIGN and L-SIGN are 
found. Like DC-SIGN, L-SIGN contains a dileucine motif and a triacidic cluster EED. L-SIGN 
lacks the tyrosine-based motif [43]. In addition, elucidation of the crystal structures of the CRDs 
of both DC-SIGN and L-SIGN, in combination with binding studies, revealed that both receptors 
recognize high-mannose oligosaccharides [28,29]. Whereas for DC-SIGN increasing evidence 
indicates that its major ligands are α3/α4-fucosylated glycans, no data so far indicated a role for 
L-SIGN in the binding of fucosylated oligosaccharides. However, recently we have demonstrated 
that L-SIGN like DC-SIGN can bind to several Lewis antigens, with the exception of Lewis x 
[13]. L-SIGN is not expressed by DCs, but is expressed by endothelial cells present in lymph node 
sinuses and liver sinusoidal endothelial cells (LSECs). LSECs function as a liver-resident APC 
population on which L-SIGN could play a role in antigen clearance as well as LSEC-leukocyte 
adhesion [45,46]. Recent reports indicate that L-SIGN represents a liver-specifi c receptor for 
HCV and L-SIGN might play an important role in HCV infection and immunity [35,42]. L-SIGN 
also binds to S. mansoni soluble egg antigens (SEA) [33].

24.7 MGL

The macrophage galactose binding lectin (MGL) (CD301), also called DC-asialoglycoprotein 
receptor (DC-ASGP-R) or human macrophage lectin (HML) is the only reported galactose-type 
C-type lectin on human DCs. MGL consists of one CRD domain and contains an YENF internal-
ization motif for endocytosis via clathrin-coated pits. MGL is expressed as a trimer on human 
DCs and macrophages at an intermediate stage of differentiation from monocytes [47]. MGL-
positive immature DC and macrophages are most abundantly expressed in the dermis and the 
skin. MGL expression is also found on DC-like cells in the T cell areas of human lymph node and 
tonsil [48]. By using glycan microarray profi ling, the carbohydrate specifi city of MGL was 

7269_C024.indd   3557269_C024.indd   355 9/6/2008   2:42:27 PM9/6/2008   2:42:27 PM



356 Animal Lectins: A Functional View 

characterized [49]. MGL has an exclusive specifi city for terminal α- and β-linked GalNAc residues 
that naturally occur as parts of glycoproteins and glycosphingolipids. Up till now, terminal 
GalNAc moieties expressed by tumor antigens as well as the human parasite S. mansoni and a 
subset of gangliosides [49], are identifi ed as ligands for MGL. Recently the interaction of MGL 
and CD45 on effector T cells has been described [48].

24.8 MANNOSE RECEPTOR

The mannose receptor (MR, CD206) is a type I transmembrane domain that consists of eight CRDs, 
a fi bronectin type II domain and a cysteine rich N-terminal domain. The mannose receptor is 
expressed on macrophage subsets, in vitro cultured DCs, and certain DC populations from infl amed 
skin as well as lymphatic and hepatic sinusoidal endothelium [50,51]. The MR has been shown to 
recycle constitutively while releasing its cargo [52]. It has been implicated in homeostatic processes, 
such as clearance of endogenous products, cell adhesion, as well as pathogen recognition and anti-
gen presentation [53,54].

Recombinant domain deletion studies have demonstrated that CRD 4 and to a lesser extent 
CRD 5 are the only domains showing true affi nity for N-acetylglucosamine, mannose, and fucose-
terminating oligosaccharides [54]. Although all eight CRDs contain conserved residues responsible 
for formation of the hydrophobic fold, only CRD 4 and 5 retain residues needed for Ca2+ coordination 
and consequent carbohydrate binding. The role of the MR as a PRR has been well studied and 
it has been reported to bind to a wide variety of pathogens like HIV-1 [55], M. tuberculosis [56], 
C. albicans, Trypanosoma cruzi, Pneumocystis carinii, and Streptococcus pneumoniae [57]. It pref-
erentially targets mannose-containing structures and differs from DC-SIGN, as it does not interact 
with Lewis x, despite having affi nity for fucose [58]. This can be explained by the differences in 
arrangement of CRDs, as DC-SIGN has one CRD and needs tetramerization for multivalent binding 
of its ligands, whereas the MR has eight CRDs. The cysteine rich N-terminal was recently shown to 
be involved in the binding of sulfated oligosaccharides, while the fi bronectin type II domain 
mediates the activity of the MR to bind collagen [59].

24.9 LANGERIN

Langerhans cells (LC) are present as a network of APCs in the epidermal layers of skin or at the 
mucosal tissues. Similar as DC, they have a strong potency to induce T cell responses, however, they 
may differentially induce immunoresponse than DC. LC are morphological and phenotypically dif-
ferent from DC [60]. They are highly extended cells with specifi c cytoplasmic organelles, the Bir-
beck granules, which are involved in antigen degradation and processing. LC express different cell 
surface markers such as CD1a and the C-type lectin Langerin [61,62]. In particular, Langerin expres-
sion has been shown to regulate Birbeck granule formation in LC. Different from other C-type 
lectins, Langerin has in its cytoplasmic tail a proline-rich motif, which has been suggested to affect 
signaling and internalization properties of Langerin, Langerin has also been shown to bind mannose 
structures, fucose structures, and GlcNAc structures [63]. Although the carbohydrate specifi city of 
Langerin shows some overlap with that of DC-SIGN, it is not identical to DC-SIGN. For instance, 
Langerin does not interact with Lewis x, whereas DC-SGIN does. Langerin has been shown to func-
tion as a pathogen recognition receptors having affi nity for HIV-1 and M. leprae. Very recently, it 
has been shown that Langerin differently handles pathogens compared to DC-SIGN. LC have a 
strong potency to effi ciently degrade pathogens intracellularly while DC-SIGN has shown incom-
plete degradation of pathogens allowing pathogens such as HIV-1 to escape antigen processing, 
favoring effective transmission of virions to T cells. Also other pathogens that target DC-SIGN have 
found ways to modulate T cell responses by modulating cytokine induction or maturation of DC (see 
below) [27,64]. LC have also been shown to express different sets of TLR receptors indicating that 
DC and LC express a different repertoire of TLR and CLR, that subsequently may induce different 
immune responses [65].
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24.10  DC EXPRESSED C-TYPE LECTINS AND THEIR MODULATORY 
SIGNALING PROPERTIES; DECTIN-1, DCIR, DCAR, 
BDCA2 DC-SIGN, AND DCAL1

Pathogens have evolved strategies to evade the hosts’ immune response by subverting the function 
of PRRs. Certain PAMPs are recognized by TLRs and CLRs simultaneously and although the signal 
transduction route upon TLR activation is well documented, CLR may also signal and thus infl uence 
DC functions. C-type lectin stimulation can either enhance or inhibit TLR signaling. Although 
C-type lectins do not seem to directly stimulate the immune system, there are new indications that 
they certainly have signaling properties that affect the balance between immunity and tolerance by 
infl uencing TLR signaling [16,66].

Some C-type lectin-like molecules display Ca2+-indepentdent carbohydrate recognition such as 
Dectin-1. Dectin-1 is expressed on DC but also LCs, macrophages, and some B and T cell subsets. 
Dectin-1 recognizes b-glucans in a cation-independent manner, and thus has been reported to be a 
receptor for yeast. Dectin-1 has gained a lot of interest as it is involved in several innate immune 
responses against fungal infections and its involvement in signaling. Dectin-1 contains an immuno 
receptor tyrosine-based activatory motif (ITAM) motif and engagement triggers the release of proin-
fl ammatory cytokines and chemokines. Combined triggering of Dectin-1 and TLR2 by fungal 
pathogens leads to the synergized production of TNFa, IL-12, and reactive oxygen species (ROS). 
Clearly Dectin-1 is the dendritic C-type lectin whose intracellular signaling has been best character-
ized. β-Glycan interaction with Dectin-1 leads to a Syk- and CARD9-dependent IL-10 release 
[67,68]. The dectin related ITAM-Syk-Card9 route ITAM-Syk-Card9 route has been suggested to 
play a general signaling route in DC C-type lectins, however, this does not hold true for the ITAM-1 
like domain in the C-type lectin DC-SIGN that has been demonstrated to regulate Syk-independent 
signaling processes in DC.

The C-type lectin DCIR and DCAR share substantial sequence homology in their extracellular 
domain. However, whereas DCAR associates with the ITAM-bearing FcR g chain, DCIR contains 
and immuno receptor tyrosine-based inhibitory motif (ITIM)  and recruits the phosphatases SHP-1 
and SHP-2. Cross-linking of DCIR has been shown to result in inhibitory signals. Other C-type 
lectin that can have inhibitory functions are BDCA-2 and DCAL-1, of which cross-linking have 
shown to diminish release of interferon α/β by plasmacytoid DC [69].

M. tuberculosis is a potent inducer of T helper 1 (Th1)-polarized immune response, and mycobac-
terial components have often been shown to stimulate expression of costimulatory molecules and 
IL-12 production in DCs through TLR2 and TLR4 triggering [15]. M. tuberculosis strongly binds to 
DC-SIGN through their mannose-capped cell wall component lipoarabinomannan (ManLAM). 
ManLAM targets CLRs to alter the immune response though cross-talk between TLRs and CLRs. In 
particular, binding of the mycobacterial component ManLAM to immature DCs inhibited LPS-induced 
maturation and subsequent LPS-mediated IL-12 induction. Inhibitory anti-DC-SIGN antibodies restore 
maturation of DCs in the presence of ManLAM. The inhibition of DC maturation and the induction of 
IL-10 may contribute to the virulence of mycobacteria [15]. Thus pathogen recognition by DC-SIGN 
may modulate DC-induced immune responses, shifting the balance from immune activation toward 
impairment of the immune response, which would be benefi cial to pathogen survival. How DC-SIGN 
signals are propagated within DCs is not clear. Recently, Caparros and coworkers revealed the fi rst 
clues on signaling transduction pathways upon DC-SIGN ligation. They showed that DC-SIGN 
induces the phosphorylation of ERK and Akt, without the concomitant p38MAPK activation [70]. 
More recently a new signaling route upon DC-SIGN triggering through ManLAM structures has been 
identifi ed in which raf activation plays an essential role in the signaling cascade [71].

24.11 CONCLUSION AND FUTURE DIRECTIONS

The studies described above demonstrate that the collaborative recognition of distinct microbial 
components or a pathogen by different classes of innate immune receptors (TLRs and CLRs) is 
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crucial for orchestrating infl ammatory or inhibitory responses. The balance between CLR binding 
and TLR stimulation may fi ne-tune regulatory mechanisms to allow appropriate immune responses. 
To maintain homeostatic control and silence immune activation, pathogens have evolved their sur-
vival strategy within the host environment. CLRs can induce unique intracellular signals that modu-
late DC function although the precise signaling pathways need further investigation. Signals derived 
from CLRs and TLRs will determine whether pathogens escape immunity or are eliminated.
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25.1 INTRODUCTION

A crucial function in the innate immune defense against tumors, bacteria, virus, and parasites is 
mediated by a specialized class of large granulated lymphocytes termed natural killer (NK) cells 
(Trinchieri 1989; Lanier 2005). To sense their environment, NK cells are equipped with specifi c cell 
surface receptors. These are known as NK receptor domains (NKD). A fi ne balance of inhibitory and 
activating stimuli coordinates the cytolyic activity of the NK cells.

In normal conditions, the dominant signal received by an NK cell through its interaction with the 
major histocompatibility complex (MHC) class I ligand, expressed on the target cell, is inhibitory (Figure 
25.1A). In the event that the normal expression of MHC Class I ligands is decreased or missing, because 
of tumor or viral infection, the inhibitory signal is then displaced and the NK cell acquires the capacity to 
kill the target cell. Thus, NK cells sense the absence of self-MHC class I molecules as a way to discrimi-
nate normal cells from cells in distress (Figure 25.1B) (Kärre 1985; Ljunggren and Kärre 1985). The 
activation of NK cells leads to the production of cytokines and chemokines and to an instantaneous 
secretion of cytotoxic granules that are needed to kill the target cells.
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Two different structural families of NK cell receptors regulate the NK cell activity: the 
immunoglobulin-like superfamily (IgSF: killer immunoglobulin-like receptor (KIRs), leuko-
cyte immunoglobulin-like receptors (LIRs), and natural cytotoxicity receptors (NCRs) and the 
C-type lectin-like domain superfamily (CTLD: Ly49s, NKG2D, CD94/NKG2, NKR-P1, and 
CD69) (Sawicki 2001; Natarajan et al. 2002; Dimasi et al. 2004; Dimasi and Biassoni 2005; 
Lanier 2005). KIR receptors in humans recognize the α1 and α2 domains of HLA-A, -B, and 
-C complexed with the bound antigenic peptide. The LIR in humans recognize the nonpolymor-
phic α3 domain of classical and nonclassical HLA molecules (Natarajan et al. 2002; Lanier 
2005). Members of the CTLD superfamily include the heterodimer CD94/NKG2A, which bind 
the nonclassical MHC class I HLA-E and Qa-1 in human and mouse, respectively. NKG2D 
recognizes the MHC class I-like molecules MICA, ULBP, H60, RAE-1β, and MULT-1 (Lanier 
2005). The mouse Ly49 recognizes classical MHC class I molecules and, interestingly, MHC 
class I-like molecules expressed by the cytomegalovirus (Lanier 2005).

Both types of IgSF and CTLD include inhibitory and activating receptors (Figure 25.2). A marked 
difference between inhibitory and activating receptors is the fact that inhibitory receptors are able 
upon ligand engagement to mediate intracellular signaling transduction directly (Figure 25.2A). On 
the contrary, all the activating receptors, with the exception of 2B4, need to associate with a special-
ized class of adaptor molecules (DAP-10, DAP-12, FcRγ, and CD3ζ) in order to carry out their 
intracellular signaling transduction (Figure 25.2B).

Expression of
“self”

markers

CTLD CTLD

Unhealthy
cell

Missing of
“self”

markers

“Self” is present:
NK cannot kill

Healthy 
cell

NK
cell

(A) (B)

“Self” is missing:
NK can kill

NK
cell

FIGURE 25.1 (See CD for color fi gure.) Schematic illustration of the NK cells function. This is a basic 
example of how a mouse NK cell distinguishes healthy versus unhealthy cells. This example is based on 
the “missing-self recognition” hypothesis introduced by Klas Kärre. (From Kärre, K., in: Callewaert, D. and 
Herberman, R.B., eds. Mechanisms of Cytotoxicity by NK Cells, Academic Press, San Diego, CA, 1985, p. 81; 
Ljunggren, H.G. and Kärre, K., J. Exp. Med., 162, 1745, 1985.) The attack of NK cells (A) on healthy cells is 
actively suppressed by the recognition of self-MHC class I molecules by NK inhibitory receptors. 
Consequently (B), when the missing self-markers are absent or their expression is abnormal due to tumor 
transformation or viral infection, the NK cells are then more likely to be activated. This will boost a sequence 
of molecular events culminating with the lyses of the unhealthy cells.

7269_C025.indd   3647269_C025.indd   364 9/6/2008   2:44:48 PM9/6/2008   2:44:48 PM



Structural and Functional Roles of C-Type Lectin Receptors 365

Within the past 10 years, many functional and structural data have been accumulating at an 
overwhelming pace. These studies revealed the multiplicity of molecular solutions employed by NK 
cells in their constant battle against invading pathogens and tumors. In addition, these studies uncov-
ered the economy of the molecular evolution; where a robust scaffold, the C-type lectin-domain, is 
preserved even though the capacity to bind carbohydrate structures in a calcium (Ca2+)-dependent 
manner is lacking on this specialized class of receptors. In this chapter, I focus on the structural and 
functional roles of C-type lectin receptors on NK cells.

FIGURE 25.2 (See color insert following blank page 170. Also see CD for color fi gure.) Inhibitory and 
activating mouse Ly49 NK cell receptors. The Ly49 NK cell receptors are type II disulfi de-linked homodi-
meric (i.e., the carboxy-terminal part of the protein chain is extracellular) transmembrane proteins. These 
receptors consist of a globular CTLD domain connected to the cell membrane by a long and fl exible stalk 
region of approximately 70 amino acids. In structural terms, inhibitory and activating receptors are very simi-
lar. However, in functional terms, inhibitory and activating receptors transduce their intracellular signaling in 
a very different way. In fact, (A) inhibitory receptors are colinear with their intracellular transducing chains 
whereas (B) activating receptors, in order to transduce their intracellular signals, need to associate with special-
ized transducing polypeptides, such as the DAP-12 protein. Upon ligand engagement, the intracellular chains of 
the inhibitory Ly49 receptors became phosphorylated at specifi c tyrosine residues within the ITIM consen-
sus. This phosphorylation event is required for the recruitment of adaptor proteins (e.g., SHP-1 kinase) that 
in turn will initiate a cascade of events culminating with the inhibition of the NK cell activation. Vice versa, 
ligand engagement of Ly49 activating receptors results in the ITAM phosphorylation of DAP-12 with subse-
quent recruitment and activation of Syk kinase. This event initiates the NK cell activation. Activating Ly49, 
associate with DAP-12 through the formation of a specifi c hydrogen bond in their transmembrane region.
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25.2 C-TYPE LECTIN-LIKE NK CELL RECEPTORS

The C-type lectins are calcium-dependent carbohydrate binding proteins (Zelensky and Gready 
2005). An example of these classes of proteins is the mannose-binding protein (MBP), E-selectins, 
tetranectins, and lithostatin. In the NK cells, examples are the mouse Ly49 receptors, NKG2D, 
CD94, and CD69. These proteins are made up of an intracellular part and an extracellular domain. 
The extracellular domain has a C-type lectin-like domain (CTLD) of approximately 120 amino 
acids, and a relatively long (about 70 amino acids) stalks region (Figure 25.2). Despite the diversity 
of ligands recognized by the NK cell receptors of the CTLD superfamily, they exhibit a highly con-
served core structure (Figure 25.3A). This core consists of two antiparallel β-sheets and in most 
cases two α-helixes (α1 and α2) (Figure 25.3B). Exception to this conserved folding core is the 
CTLD of CD94, in which the α2-helix is replaced by a long unstructured loop (Boyington et al. 
1999: 75). Two invariant disulfi de bridges together with a set of conserved hydrophobic residues are 
responsible for maintaining and stabilizing the CTLD core (Figure 25.3).

A unique characteristic of the CTLD of the NK receptors is that, although they are C-type 
lectins, they do not appear to have conserved the residues that are important for binding the cal-
cium (Figure 25.3A). As consequence, their ligands are not carbohydrates but are proteins 
(Natarajan et al. 2002; Lanier 2005).

25.3 LY49 RECEPTORS

The mouse Ly49 NK receptors of the CTLD are a multigene family that maps on chromosome 6 in 
a region known as the NK gene complex (NKC) (Takei et al. 1997; Yokoyama and Plougastel 2003; 
Kelley et al. 2005; Ortaldo and Young 2005). At least 23 genes exist within the NKC, Ly49A through 
W, which are the major MHC class I patrolling receptors on mouse NK cells (Wilhelm et al. 2002; 
Dimasi and Biassoni 2005; Deng and Mariuzza 2006). Ly49L is the only human member of the 
Ly49 multigene family identifi ed (Westgaard et al. 1998).

The Ly49 receptors are expressed at the NK cell surface as type-II transmembrane disulfi de-
linked proteins (Figure 25.2). Each Ly49 chain has a CTLD domain that is connected to the cell 
membrane by a long unstructured region (Figure 25.2). Of the 23 Ly49 NK receptors, 13 are inhibi-
tory based on functional data or by the presence of inhibitory signature sequences immunoreceptor 
tyrosine-inhibitory motifs (ITIM) in their intracytoplasmic domains. These are Ly49A, B, C, E, F, 
G, I, J, O, Q, S, T, and V. The remaining receptors, Ly49D, H, L, M, P, R, U, and W, are believed to 
have an activating function. Even though the Ly49 proteins have evolved from the C-type lectins, 
ligand specifi city depends principally on protein–protein interaction although carbohydrates could 
have some role in the recognition events (Lian et al. 1998).

The cellular ligands of the Ly49 NK receptors are classical MHC class I molecules. Ly49 bind-
ing to MHC class I requires the presence of any bound antigenic peptide (Correa and Raulet 1995; 
Orihuela et al. 1996). Nevertheless, some degree of peptide specifi city has been reported for Ly49I 
(Michaelsson et al. 2000) and Ly49C (Hanke et al. 1999). However, these evidences are not sup-
ported by structural studies, in which a direct binding of the Ly49 receptors with the specifi c pep-
tides was not observed (Tormo et al. 1999; Dam et al. 2003).

Recently, a functional role for the Ly49 NK receptors in viral immunity has been revealed by the 
identifi cation of a MHC class I-like molecule, the murine cytomegalovirus m157 glycoprotein, being the 
ligand for an inhibitory Ly49 receptor (Ly49I) in a susceptible mouse, and for an activating Ly49 receptor 
(Ly49H) in a resistant mouse (Arase et al. 2002; Smith et al. 2002; Voigt et al. 2003; Lanier 2005).

25.3.1 3D STRUCTURE OF MONOMERIC LY49

At present, Ly49 NK cell receptors for which the three-dimensional structures are known are Ly49A 
bound to MHC class I H-2Dd (Tormo et al. 1999; Dam et al. 2006) (Figure 25.4A), Ly49C bound to 
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FIGURE 25.3 (See color insert following blank page 170. Also see CD for color fi gure.) Structure-based 
sequence alignment, topology diagram, and core structure of the NKD of the CTLD superfamily and of the MBP-A. 
(A) Structure-based sequence alignment of the NKD belonging to the CTLD fold for which the 3D-structure is 
known, compared with the classical CTLD of the MBP-A. The secondary structure elements are shown above the 
alignment and are denoted by arrows (β-strands) and rectangles (α-helixes). The numerations of the secondary struc-
tural elements are labeled sequentially according to the numeration of the MPB-A, the superfamily prototype. (From 
Weis, W.I., Kahn, R., Fourme, R., Drickamer, K., and Hendrickson, W.A., Science, 254, 1608, 1991.) The cysteines 
forming the conserved disulfi de bridges in the CTLD core are shown in red and are paired with fi lled and opened 
circles. The residues colored in blue (together with the paired cysteines in red) correspond to the residues that are the 
signature of the CTLD core. The residues that ligate the Ca2+ are labeled as 1 or 2 if they bind the Ca2+ at site 1 or 2, 
respectively. The PDB accession numbers for the structures used to generate the alignment are rat MBP-A (1YTT), 
murine Ly49A (1QO3), murine NKG2D (1HQ8), human CD69 (1E87), and human CD94 (1B6E). The sequence align-
ments were performed with the program CLUSTAL W. (From Higgins, D., Thompson, J., Gibson, T., Thompson, J., 
Higgins, D.G., and Gibson, T.J., Nucleic Acids Res., 22, 4673, 1994.) (B) Topology diagram of the CTLD of the NKD 
receptor superfamily. This secondary structural organization (loops, β-strands, and α-helixes) is well conserved among 
the Ly49, NKG2D, and CD69 receptors. Exception to this fold is CD94 in which an extended loop replaces the 
α2-helix. C and N denote the carboxyl- and N-terminus of the protein chain. β-Strands are shown as arrows and 
α-helixes as rectangles. (C) α-Carbon trace of the CTLD fold characteristic of the NKD superfamily. The side chains 
for the residues that defi ne the CTLD core of the NKD are shown together with the two invariant disulfi de bridges. 
These residues correspond to the highlighted residues (blue and red) in the sequence alignment shown in (A). These 
residues are numbered sequentially according to the numeration of the MPB-A. (From Weis, W.I., Kahn, R., Fourme, 
R., Drickamer, K., and Hendrickson, W.A., Science, 254, 1608, 1991.) The locations of the two Ca2+ sites are shown as 
violet dots. The two invariant disulfi de bridges (open and closed circles in the sequence alignment) are shown.
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MHC Class I H-2 Kb (Dam et al. 2003) (Figure 25.4B), and Ly49I in free form (Dimasi et al. 2002) 
(Figure 25.4C). As shown in Figure 25.4, the Ly49 CTLD structure consists of two α-helixes 
(α1 and α2) and two antiparallel β-sheets. The two β-sheets are formed by β-strands β0, β1, and β5 
and, β2, β2′, β3, and β4, respectively.

Four intrachain disulfide bonds are conserved among the Ly49 receptors (Figure 25.4). 
The disulfi de bond Cys167–Cys253 and Cys232–Cys245 (the numeration is based upon the 
full-length mature Ly49A protein) are the invariant disulfi des found in all C-type animal lectins 
(Figure 25.3A and C). The disulfi de bridge Cys145–Cys150 is the invariant disulfi de present in 
the long form of the C-type lectin proteins (Weis et al. 1991; Day 1994). The fourth disulfi de 
Cys163–Cys251 is unique in the Ly49 proteins and links the N-terminus of strand β5 to the 
helix α1. The loops that connect the secondary structural elements constitute regions that are 
variable in the Ly49 receptors.

25.3.2 3D STRUCTURE OF DIMERIC LY49

The Ly49 NK receptors exist at the cell surface as disulfide-linked homodimers (Figure 25.2) 
(Yokoyama et al. 1989). Detailed structural information is available for only the CTLD 
domains of the Ly49 (Figure 25.5) without any structural information for the stalk region. 
X-ray crystallography studies revealed that the Ly49 receptors could adopt a different dimeriza-
tion mode (Dimasi and Biassoni 2005). In fact, the Ly49A homodimer (Tormo et al. 1999; 
Dam et al. 2006) is different from the Ly49C (Dam et al. 2003) and Ly49I (Dimasi et al. 2002) 
homodimers.

To form the Ly49 CTLD homodimer, the monomers are linked through the strand β0, which 
create in the dimer an extended antiparallel β-sheet (Figure 25.5). In the Ly49A homodimer, the 
C-terminal parts of the α2-helixes pack against one another. This creates a “closed dimer” (Figure 
25.5A). Contrarily, in the Ly49C and Ly49I homodimers, the α2-helixes are apart from one another, 
opening up these dimers (Figure 25.5B and C).

An important consequence of the variability in the Ly49 dimerization mode is to direct the 
manner in which these homodimers can engage the MHC class I ligands (Tormo et al. 1999; Dam 
et al. 2003), or MHC class I-like molecules (Kielczewska et al. 2006).

25.3.3 STRUCTURAL BASIS FOR THE MHC CLASS I RECOGNITION BY LY49 RECEPTORS

The structure of the C-type lectin-like domain of Ly49A in complex with its ligand MHC class 
I H-2Dd (Tormo et al. 1999) and the complex between Ly49C and its ligand MHC class I H-2 Kb 
(Dam et al. 2003), determined up to now by x-ray crystallography, are shown in Figure 25.6. 
These complex structures revealed that the Ly49 molecules could their target through protein–
protein interaction, confi rming that these NK receptors are Ca-independent lectins. The Ly49A/
H-2Dd was the fi rst high-resolution structural example of MHC class I recognition by NK cells. 
As shown in Figure 25.6A, the Ly49A dimer makes contacts with the H-2Dd ligand asymmetri-
cally through two spatially different sites, termed “site 1” and “site 2,” which do not overlap 
with the TCR-binding area on the H-2Dd allele (Chung et al. 1999). One monomer of Ly49A 
contacts the H-2Dd ligand (“site 1;” Figure 25.6A) at one end of the peptide-binding platform 
of the MHC. This region is near one of the glycosylation site of the MHC (Parham 1996, 2000; 
Mandal and Mukhopadhyay 2001a,b) and is the region of the MHC that is highly polymorphic 
(Beck and Trowsdale 2000; Nikolich-Zugich et al. 2004; Bontrop 2006). “Site 2” (Figure 25.6A) 
resides in a cavity under the peptide-binding platform of the H-2Dd, in a region that in part 
overlaps the CD8 (Gao et al. 1997) and the LIR-1 (Willcox et al. 2003) binding site on the MHC 
molecule. Here the Ly49A monomer makes extensive contacts with the α1, α2, α3, and 
β2-microglobulin (β2 m) domains of the MHC (Figure 25.6A). In this complex structure, none of 
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FIGURE 25.4 (See CD for color fi gure.) Anatomy of CTLD domains for Ly49. As seen in this cartoon 
representation, the 3D structure of the CTLD of Ly49A (A) (PDB entry code 1QO3, chain C; From Tormo, J., 
Natarajan, K., Margulies, D.H., and Mariuzza, R.A., Nature, 402, 623, 1999), Ly49C (B) (PDB entry code 
1P1Z, Chain C; From Dam, J., Guan, R., Natarajan, K., Dimasi, N., Chlewicki, L.K., Kranz, D.M., Schuck, P., 
Margulies, D.H., and Mariuzza, R.A., Nat. Immunol., 4, 1213, 2003), Ly49I (C) (PDB entry code 1JA3, 
chain A; From Dimasi, N., Sawicki, M.W., Reineck, L.A., Li, Y., Natarajan, K., Margulies, D.H., and Mari-
uzza, R,A., J. Mol. Biol., 320, 573, 2002), and rat MBP-A (D) (PDB entry code 1YTT, chain A; From Weis, 
W.I., Kahn, R., Fourme, R., Drickamer, K., and Hendrickson, W.A., Science, 254, 1608, 1991) are highly 
conserved. The CTLD fold consists of two α-helixes (α1 and α2) and two antiparallel β-sheets, formed 
by β-strand β0-β1-β5 and β3-β4. The strand β2 forms a short β-hairpin with strand β2¢. In this represen-
tation, the disulfi de bonds are shown as sticks and are labeled using their corresponding cysteine resi-
dues. These disulfi de bridges are conserved between the Ly49 NKD. Two of these disulfi de bridges 
(Cys167–Cys253 and Cys232–Cys245) are also conserved with the invariant disulfi de bridges found in the 
MBP-A (see also Figure 25.2A and C). (From Weis, W.I., Kahn, R., Fourme, R., Drickamer, K., and 
Hendrickson, W.A., Science, 254, 1608, 1991.) The secondary structural element α-helixes and β-strands, 
N and C termini, and the disulfide bridges are shown only in Ly49A. The locations of the loop regions 
are shown for Ly49A and MBP-A. The two calcium ions at site 1 and site 2, bound to the MBP-A, are 
drawn as violet spheres. The fi gure was prepared using the program Pymol. (From DeLano, W.L., The 
PyMOL Molecular Graphics System, DeLano Scientifi c, San Carlos, CA, 2002.)
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the two Ly49A monomers make direct contact with the bound peptide and this could explain the 
lack of peptide specificity for the Ly49A/H-2Dd interaction (Waldenstrom et al. 2002; Wang 
et al. 2002).

The discovery of these two distinct binding sites raised the question of which of the two sites is 
the functional binding site. A fi rst clue to answer this question comes from mutagenesis studies 
of the Ly49A, β2 m, and the H-2Dd (Matsumoto et al. 2001a,b; Wang et al. 2002). These studies 
identifi ed “site 2” as the primary interacting surface responsible for the functional interaction 
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FIGURE 25.5 (See CD for color fi gure.) Ribbon models showing the different dimerization mode within 
the Ly49 NK cell receptors. (A) Dimeric structure of the CTLD of Ly49A (PDB entry code 1QO3, chains C 
and D; From Tormo, J., Natarajan, K., Margulies, D.H., and Mariuzza, R.A., Nature, 402, 623, 1999), (B) 
Ly49C (PDB entry code 1P1Z, chain C and D; From Dam, J., Guan, R., Natarajan, K., Dimasi, N., Chlewicki, 
L.K., Kranz, D.M., Schuck, P., Margulies, D.H., and Mariuzza, R.A., Nat. Immunol., 4, 1213, 2003), and (C) 
Ly49I (PDB entry code 1JA3; From Dimasi, N., Sawicki, M.W., Reineck, L.A., Li, Y., Natarajan, K., Mar-
gulies, D.H., and Mariuzza, R.A., J. Mol. Biol., 320, 573, 2002). The secondary structural elements (strand β0 
and helix α2) involved in the dimer formation are labeled. This illustration emphasizes the different variabil-
ity within the dimerization mode of the Ly49 CTLD receptors. The Ly49A dimer is more elongated (55 Å) than 
the Ly49C or Ly49I dimers (49 Å). C and N denote the carboxy- and the amino-termini of the CTLD chains. 
This fi gure was prepared using the program Pymol. (From DeLano, W.L., The PyMOL Molecular Graphics 
System, DeLano Scientifi c, San Carlos, CA, 2002.)
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FIGURE 25.6 (See color insert following blank page 170. Also see CD for color fi gure.) 3D structure 
of the complex between Ly49A/H-2Dd and Ly49C/H-2 Kb. The different domains composing the MHC class 
I molecule (α1, α2, α3, β2 m, and the peptide) and the Ly49 monomers are schematically labeled in both 
panels. (A) The complex structure between Ly49A and H-2Dd (PDB entry code 1QO3) revealed two distinct 
sites of interaction (termed “site 1” and “site 2”) for Ly49 to MHC class I. (From Tormo, J., Natarajan, K., 
Margulies, D.H., and Mariuzza, R.A., Nature, 402, 623, 1999.) “Site 1” is located at the N-terminal end of the 
α1 helix of the MHC class I molecule and is largely dominated by electrostatic interactions. “Site 2” is located 
beneath the peptide binding platform and involves interaction with all the MHC Class I domains, including the 
β2 m. This interface is primarily formed by hydrogen bonds interactions. (B) X-ray crystal structure of Ly49C 
in complex with its MHC class I ligand H-2 Kb (PDB entry code 1P1Z). (From Dam, J., Guan, R., Natarajan, 
K., Dimasi, N., Chlewicki, L.K., Kranz, D.M., Schuck, P., Margulies, D.H., and Mariuzza, R.A., Nat. Immu-
nol., 4, 1213, 2003.) As seen in this complex structure, MHC class I engagement by Ly49C is different from 
that of Ly49A. Ly49C engages symmetrically the MHC class I molecules using “site 2.” In both complex 
structures, the Ly49 receptors do not make contacts with the bound peptides.
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between Ly49A and H-2Dd. Subsequently, the determination of the complex structure of the 
Ly49C/H-2 Kb (Dam et al. 2003) pointed out that Ly49 receptors use “site 2” to interact with the 
MHC ligand (Figure 25.6B). In fact, this complex structure revealed that the Ly49C homodimer 
engages symmetrically with two H-2 Kb molecules. Each Ly49C monomer makes identical 
interactions with MHC class I at a location that is virtually superimposable with “site 2” loca-
tion in the complex Ly49A/H-2Dd. These two complex structures and the crystal structure of the 
unbound Ly49I (Dimasi et al. 2002), revealed a different dimerization mode for the Ly49 recep-
tors. In fact, the Ly49A dimer observed in the Ly49A/H-2Dd complex is compact (Figure 
25.5A), whereas the dimer observed for the Ly49C/H-2 Kb complex is open (Figure 25.5B), 
similarly to the open conformation observed for the unbound Ly49I (Figure 25.5C). This sug-
gests that the Ly49 receptors have the ability to adopt the open or the closed conformation as a 
means to discriminate between functional or nonfunctional interaction with their respective 
ligands (Dam et al. 2006).

25.4 CD94/NKG2 RECEPTORS

CD94/NKG2 are type-II disulfide-linked heterodimers with a lectin-like fold expressed on NK 
and a small subset of T cells. This complex could function as an inhibitor or an activator 
depending on which isoform of NKG2 is expressed. The CD94/NKG2 genes are present in 
humans (Houchins et al. 1991; Chambers et al. 1993; Yabe et al. 1993; Lazetic et al. 1996; 
Houchins et al. 1997; Lieto et al. 2006), mouse (Vance et al. 1998, 1999; Lohwasser et al. 
1999, 2000, 2001) and rat (Berg et al. 1998; Dissen et al. 1997). These genes are located 
within the NKC. Specifically they map on human chromosome 12 and in mouse on chromo-
some 6. These genes encode receptors that recognize nonclassical MHC class I molecules, 
such as HLA-E in human and Qa-1b in mouse (Lanier 2005) that bind leader peptides from 
other MHC class I molecules.

Unlike the Ly49 genes, the CD94/NKG2 genes have very limited polymorphism. CD94 is 
encoded by a single gene (Chang et al. 1995) while NKG2 constitutes a small multigenic 
family that encodes for five different proteins designed NKG2A, NKG2B, NKG2C, NKG2D, 
and NKG2E. CD94 proteins can be expressed at the NK cell surface as heterodimers with 
NKG2A and NKG2C (Lazetic et al. 1996; Braud et al. 1998; Cantoni et al. 1998; Vance et al. 
1999).

The extracellular domain of CD94 and NKG2A, -B, -C, -D, and -E share high degree of 
sequence and structure identity (Natarajan et al. 2002). An interesting feature of the CD94/
NKG2 system is the fact that depending on which NKG2 chain associates with the CD94 chain, 
the resulting heterodimeric complex could have inhibitory or activating function. For example, 
NKG2A has an ITIM motif in its intracellular domain. Thus, the heterodimer CD94/NKG2A 
functions as an inhibitory receptor on NK cells (Houchins et al. 1997; Palmieri et al. 1999; 
Guma et al. 2006; Kusumi et al. 2006). On the other hand, the heterodimer CD94/NKG2C 
serves an activating function because this receptor system in order to transduce intracellular 
signals need to associate with ITAM-containing signaling molecule DAP-12 (Lanier et al. 1998; 
Tomasello et al. 2000; Wilson et al. 2000; Sjolin et al. 2002). An exception of this heterodimeric 
association is NKG2D whose C-type lectin-like protein chains show little homology to other 
NKG2 proteins and does not pair with CD94. CD94 could be expressed at the cell surface as a 
type-II disulfide-linked heterodimer (Carretero et al. 1997; Lanier et al. 1998; Vance et al. 
1998, 1999). However, it appears that the CD94 homodimer is not functional because CD94 
lacks a cytoplasmatic domain and does not have the capacity to bind other signaling transduc-
ing polypeptides.
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25.4.1 3D STRUCTURE OF CD94

The structure of CD94 (Figure 25.7A and B) (Boyington et al. 1999) revealed that the CTLD fold is 
conserved in this receptor. However, distinct features characterize the CTLD of CD94 from the clas-
sic CTLD of the MBP-A (Weis et al. 1991). First, CD94 lack the conserved amino acids that are 
responsible for the coordination of the Ca ions that are essential for carbohydrate binding. There-
fore, CD94 function does not involve carbohydrate binding. Second, CD94 (Figure 25.7A and B) 
lacks the conserved α2-helix, which is observed in MBP-A, Ly49, and NKG2D (Figures 25.4 and 
25.7). In CD94, a long unstructured loop region replaces the α2-helix. As it is for the α2-helix in 
Ly49 and NKG2D dimers (Figures 25.4 and 25.7), this loop makes extensive intramolecular con-
tacts with its symmetry-related counterpart. Four disulfi de bridges are present in the CD94 (Figure 
25.7A). Three of these disulfi de bonds (Cys61–Cys72, Cys89–Cys174, and Cys152–Cys166) repre-
sent the invariant disulfi des found in the long-form C-type lectin (Day 1994; Sawichi et al. 2001; 
Zelensky and Gready 2005). The fourth disulfi de bridge (Cys61–Cys72) is unique and is required 
for the correct folding of the N-terminal loop (Figure 25.7A).

As previously discussed (see Section 25.2), CD94 exists at the NK cell surface as disulfi de-linked 
heterodimeric complex with NKG2A, NKG2B, NKG2C, or NKG2E (Lazetic et al. 1996; Braud et al. 
1998; Cantoni et al. 1998; Vance et al. 1999). Although nonfunctional, CD94 homodimer was shown 
to be present at the surface of certain cell lines in which the expression of any NKG2 is absent 
(Carretero et al. 1997; Lanier et al. 1998; Vance et al. 1998, 1999). In the crystal (Boyington et al. 1999), 
CD94 monomers form a twofold crystallographic dimer (Figure 25.7A), in which the two monomers 
are linked through extensive hydrogen bond interaction between their respective fi rst β-strands. In addi-
tion, a signifi cant role in maintaining the interface is mediated by loop 3 (Figure 25.7A and B), which 
replaces the canonical α2-helix observed in other CTLD structures (Figures 25.4 and 25.7).

After the publication of the CD94 structure, a lot of work was put forward in order to crystallize 
the heterodimer CD94/NKG2. Despite many efforts, at present, there is no available structural data. 
Nevertheless, an interesting use of the crystallographic CD94 dimer is to model the functional 
heterodimer CD94/NKG2 (Boyington et al. 1999). If the postulated CD94/NKG2 complex is similar 
to the CD94 dimer observed in the crystal, then NKG2 monomer needs to have the same loop-
to-helix transformation as was observed in the CD94 structure (Figure 25.7). However, this was 
shown not to be true by the determination of the three-dimensional structure of NKG2D (Figure 
25.7C and D; Wolan et al. 2001).

25.4.2 FUNCTION AND 3D STRUCTURE OF NKG2D

The discovery that NKG2D plays a pivotal role during tumor eradication has generated a terrifi c 
interest in the biology of this NK cell receptor (Lanier 2005). NKG2D is not related to the other 
NKG2 NK receptors and shares only 20% of amino acid sequence identity with the other NKG2 
members (Ho et al. 1998; Wu et al. 1999). As described before, all the NKG2 members form disul-
fi de-linked heterodimers at the NK cell surface with CD94. In contrast, NKG2D does not associate 
with CD94, but is able to form disulfi de-linked homodimers at the cell membrane of the NK cells 
(Wu et al. 1999). NKG2D activates the NK cell function by associating with a signaling adaptor 
molecule DAP-10 through a charged transmembrane residue (Wu et al. 1999). Several orthologs of 
NKG2D were found in chimpanzee, rhesus monkey, cattle, rat, pig, and mice (Lanier 2005).

The 3D-structure of intact murine NKG2D determined at 1.95 Å (Wolan et al. 2001) (Figure 
25.7C) revealed that that NKG2D preserves the CTLD fold similar to Ly49, CD94, CD69, and 
MBP-A (Figures 25.4 and 25.7; Natarajan et al. 2002). A characteristic feature of NKG2D structure 
is that unlike Ly49, CD69, and MBP-A, which retains the α2-helix, the α2-helix in NKG2D is 
stretched and short. Indeed, this α2-helix is only a one-turn helix (Figure 25.7C and D). As for Ly49, 
CD69, and CD94, NKG2D lacks the classic Ca-binding residues found in MBP-A (Weis et al. 1991; 
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FIGURE 25.7 (See color insert following blank page 170. Also see CD for color fi gure.) Ribbon repre-
sentation of human CD94, mouse NKG2D, and human CD69. Monomeric (A) and dimeric (B) structures of 
human CD94 (PDB entry code 1BE6; From Boyington, J.C., Riaz, A.N., Patamawenu, A., Coligan, J.E., Brooks, 
A.G., and Sun, P.D., Immunity, 1, 75, 1999); monomeric (C) and dimeric (D) structure of mouse NKG2D (PDB 
entry code 1HQ8; From Wolan, D.W., Teyton, L., Rudolph, M.G., Villmow, B., Bauer, S., Busch, D.H., and 
Wilson, I.A., Nat. Immunol., 3, 248, 2001); and monomeric (E) and dimeric (F) structure of human CD69 (PDB 
entry code 1E87; From Natarajan, K., Sawicki, M.W., Margulies, D.H., and Mariuzza, R.A., Biochemistry, 48, 
14779, 2000; Llera, A.S., Viedma, F., Sanchez-Madrid, F., and Tormo, J., J. Biol. Chem., 10, 7312, 2001). The 
secondary structural element (loops, α-helixes, and β-strands), the N and C termini, and the disulfi de bridges are 
shown for all the monomers. The α2 helixes that are involved in the dimer formation in NKG2D and CD69 are 
labeled. In CD94, the α2 helix is replaced by a long unstructured loop. This loop is buried with its symmetry 
mate at the dimer interface.
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Zelensky and Gready 2005). Four disulfi de bridges are present in the NKG2D (Figure 25.7C). Two 
of these disulfi de bridges (Cys143–Cys227 and Cys205–Cys209) are conserved among the CTLD 
core of Ly49, CD69, and CD94. The disulfi de bridge Cys115–Cys126 represents the characteristic 
disulfi de found in the long-form C-type lectin (Day 1994; Sawichi et al. 2001; Zelensky and Gready 
2005). The last disulfi de bridge, Cys112–Cys121, is a unique feature of NKG2D (Figure 25.7C). 
This disulfi de bridge stabilizes the N-terminal part of the NKG2D through a covalent link between 
this region with the β-sheet formed by β-strands β1, β2, and β7 (Figure 25.7C).

The NKG2D dimer is very similar to the Ly49A and CD94 dimers (Figures 25.4A, 25.5A, and 
25.7D). In this dimer, the homodimer is formed by extensive hydrogen and van der Waals contacts 
between the β1 strands of both monomers. The α2-helix of both monomers packs at the homodimer 
interface. The two α2-helixes interact primarily with hydrogen bonds and salt bridges.

25.4.2.1 Ligand Recognition by NKG2D

Different from the CD94/NKG2 heterodimeric complex that recognizes HLA-E, homodimeric 
NKG2D recognizes cell surface glycoproteins structurally related to MHC class I molecules 
(Natarajan et al. 2002; Raulet 2003; Lanier 2005). These include MICA, MICB, ULBP1, ULBP2, 
ULBP3, and ULBP4 in humans and RAE-1α, RAE-1β, RAE-1γ, RAE-1ε, H60, and MULT-1 in 
mouse (Raulet 2003; Bahram et al. 2005; Lanier 2005; Gonzalez et al. 2006). Human ULBP1, 
ULBP2, and ULBP3, and mouse RAE-1α, RAE-1β, RAE-1γ, and RAE-1ε are attached to the extracel-
lular site of the cell membrane by a phosphatidylinositol glycan anchor whereas human MICA, 
MICB, and ULBP4, and mouse H60 and MULT-1 have a membrane spanning the transmembrane 
domain (Raulet 2003). The expression of these NKG2D ligands is stringently associated with cellular 
distress, viral infections, and tumors.

Up to now, crystal structures have been reported for human NKG2D in complex with MICA (Figure 
25.8A; Li et al. 2001), human NKG2D in complex with ULBP3 (Figure 25.8B; Radaev et al. 2001), 
and mouse NKG2D in complex with RAE-1β (Figure 25.8C; Li et al. 2002). These complex structures 
revealed the molecular basis for the remarkable similarity mode used by NKG2D to bind its ligands 
(Figure 25.8). NKG2D uses its residues at both C- and N-termini of the homodimer interface to bind 
the α1/α2 platform of its ligands (Figure 25.8). It is of note that although not supported by structural 
data, functional binding data indicate that this mode of binding could be employed by the Ly49 C-type 
lectin-like receptors to bind an MHC class I-like molecule (m157) expressed by the cytomegalovirus 
(Arase et al. 2002; Smith et al. 2002; Voigt et al. 2003; Lanier 2005; Kielczewska et al. 2006).

The overall binding mode of NKG2D/ligands resembles the mode of binding used by KIR-human 
killer Ig-like receptors (Colonna and Samaridis 1995) to bind the HLA and largely the binding mode 
between the TCR and their MHC ligands (Rudolph et al. 2006). However, this binding mode is 
distinct from that used by the Ly49 to bind their MHC ligands (Figure 25.6). In fact, NKG2D uses 
very similar surfaces of the two monomers to bind two very dissimilar surfaces (α1 and α2) of its 
ligands, which are distantly related in terms of sequence identity but are similar in their overall 3D 
structure (Figure 25.8).

NKG2D/complex structures are a remarkable example of molecular recognition via “rigid 
adaptation” (McFarland and Strong 2003; McFarland et al. 2003). Contrary to the classic “induce 
fi t” mechanism, the rigid adaptation facilitates a receptor like NKG2D to undergo different inter-
actions with distinct ligands without signifi cant conformational changes in the receptor.

25.5 FUNCTION AND 3D STRUCTURE OF CD69

CD69 is one of the fi rst described members of the NK receptors (Hamann et al. 1993; Schnittger et al. 
1993; Ziegler et al. 1994). CD69 is expressed as disulfi de-linked homodimer at the cell membrane. 
An extracellular CTLD domain, a stalk region, a transmembrane domain, and an intracellular domain 
characterize CD69. Contrary to Ly49, CD94, NKG2, and NKG2D whose expression is restricted 
to NK cells, CD69 expression has been identifi ed on T-lymphocytes, B-lymphocytes, NK cells, 
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macrophages, neutrophils, and eosinophils. The ligand of CD69 is unknown. However, CD69’s 
engagement with monoclonal antibodies at the cell membrane induces rise of intracellular calcium 
concentration, synthesis of different cytokines with subsequent cellular proliferation and if this 
occurs on NK cells, lyses of the target cells (Lanier et al. 1988). This implies that CD69 is a functional 
molecule whose role is the activation of the NK cell function.

Despite relatively low amino acid sequence identity between CD69 and the other CTLD receptors 
on NK cells, the overall 3D structure of CD69 is very similar to Ly49A, CD94, and NKG2D (Figures 
25.4, 25.5, and 25.7; Natarajan et al. 2000; Lleira 2001). The CD69 fold consists of two antiparallel 
β-sheets, formed by β-strands β0, β1, β5, and β2, β3, β4, respectively, and two α-helixes (Figure 
25.7). CD69, like Ly49A, CD94, and NKG2D, lacks the residues that bind calcium in the classic 
CTLD. Thus, CD69 functions as a noncalcium-dependent lectin.

There are three disulfi de bonds in CD69 (Figure 25.7E), two of which (Cys113–Cys194 and 
Cys173–Cys186) correspond to the characteristic invariant disulfi des found in all CTLD. The third 
disulfi de bond, Cys85–Cys96, as for CD94 and NKG2D connects the N-terminus of the protein 
chain with the strand β0. In the crystal, CD69 forms a compact dimer very similar to the dimer 
observed for CD94 (Figure 25.7B and F). In the dimer, the N-terminal β0 strands pair through polar 
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FIGURE 25.8 (See color insert following blank page 170. Also see CD for color fi gure.) Ribbon diagram 
showing NKG2D complexed with MHC Class I-like molecules. (A) NKG2D in complex with MICA (PDB 
entry code 1HYR; From Li, P., Morris, D.L., Willcox, B.E., Steinle, A., Spies, T., and Strong, R.K., Nat. 
Immunol., 5, 443, 2001); (B) with ULBP (PDB entry code 1 KCG; From Radaev, S., Rostro, B., Brooks, A.G., 
Colonna, M., and Sun, P.D., Immunity, 6, 1039, 2001); and (C) with RAE-1β (PDB entry code 1JSK; From Li, 
P., McDermott, G., and Strong, R.K., Immunity, 1, 77, 2002). The two NKG2D monomers are labeled. The 
secondary structural element α1, α2, and α3 in MICA, the α1 and α2 in ULBP and RAE-1β are schemati-
cally labeled. These complex structures unveiled that NKG2D engages similarly its ligands.
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and hydrogen bond interactions (Figure 25.7F). The dimer is further stabilized through the juxtaposi-
tion of the C-terminal part of helix α2 (Figure 25.7F), which form a compact hydrophobic core.

25.6 CONCLUSION AND FUTURE DIRECTIONS

The function of NK cells is to recognize and kill tumor or virally infected cells through physical 
association with ligands expressed at the surface of the target cells. NK cells have evolved a dual 
receptor system, inhibitory or activating, to sense and ultimately respond to the environment they 
patrol. An interesting feature of this dual receptor system is the fact that the humans and the mouse 
use two disparate fold. Human NK cells have NK receptors belonging to the immunoglobulin-like 
fold, whereas those of the mouse have NK receptors belonging to the C-type lectin-like fold. Both 
families have inhibitory and activating receptors.

Much effort has been put into dissecting the molecular strategies used by the NK cells to recog-
nize the MHC class I or class I-like scaffolds. These studies revealed that the NK cell receptors of 
the C-type lectin family interact with several nonoverlapping faces of the class I molecules.

Of special interest between the C-type lectin receptors reviewed in this chapter is NKG2D. This 
activating receptor has captured a lot of attention since the discovery that the MIC proteins, expressed 
in transformed cells or in viral infected cells, are the ligands of NKG2D. However, the diversity of 
the NKG2D ligands presented a major dilemma. Why does a single protein have the ability to rec-
ognize diverse ligands? Perhaps NK cells had “captured” a stable scaffold, the C-type lectin, to 
promptly respond to tumor developments and more importantly to prevent possible pathogen-
induced diseases.
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26.1 INTRODUCTION

C-type lectins can be classified into groups based on their domain architectures and structural 
features (Drickamer, 1993; Drickamer and Dodd, 1999; Dodd and Drickamer, 2001; Drickamer 
and Fadden, 2002; Zelensky and Gready, 2004). Most vertebrate C-type lectins contain a single 
carbohydrate recognition domain (CRD) connected to other types of domains or motifs (Drickamer, 
1993). For example, mannose-binding lectin (MBL), also called mannose-binding protein 
(MBP), a member of the collectin subgroup, contains a single CRD connected to a collagen-
like domain (Holmskov et al., 2003). Some mammalian C-type lectins, such as the macrophage 
mannose receptor, contain multiple CRDs, but not all of the CRDs are functional for carbohy-
drate binding (East and Isacke, 2002). In invertebrates, including insects, multiple genes encod-
ing C-type lectin like domains (CTLDs) have been identifi ed in the nematode Caenorhabditis 
elegans, the fruit fl y Drosophila melanogaster, and the mosquito Anopheles gambiae (Drickamer 
and Dodd, 1999; Dodd and Drickamer, 2001; Christophides et al., 2002). C-type lectins have 
also been isolated from other insect and arthropod species. Invertebrate C-type CRDs have an 
overall low similarity in amino acid sequence (less than 30% identity) to mammalian C-type 
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CRDs. A group of C-type lectins from arthropods containing dual or tandem CRDs has been 
named immulectins (IMLs). These dual-CRD lectins have been found in several Lepidopteran 
species, including Manduca sexta (Yu et al., 1999, 2005, 2006; Yu and Kanost, 2000), Bombyx 
mori (accession number: AY297159; Koizumi et al., 1999; Watanabe et al., 2006), Hyphantria 
cunea (Shin et al., 1998), Helicoverpa armigera (accession number: ABF83203), Lonomia 
oblique (accession number: AAV91450), and the Chinese shrimp Fenneropenaeus chinensis (Liu 
et al., 2007). The unique dual-CRD architecture has not been found in Dipteran insects such as 
D. melanogaster and A. gambiae, or mammals. But genes encoding dual-CRD C-type lectins are 
present in C. elegans and the fi sh Fugu rubripes (Drickamer and Dodd, 1999; Zelensky and 
Gready, 2004). Members of the lepidopteran immulectin family contain an amino-terminal short 
form CRD1, which is structurally similar to the CRD of MBL and stabilized by two pairs of 
disulfi de bonds, and a carboxyl-terminal long form CRD2 that is more similar to CRD4 of the 
macrophage mannose receptor and contains three pairs of disulfi de bonds (Yu and Kanost, 2000) 
(Figure 26.1).

Innate immunity is mediated by pattern recognition receptors (PRRs) encoded by germline cells 
(Janeway and Medzhitov, 2002). Some mammalian C-type lectins serve as PRRs (Weis et al., 1998; 
Vasta et al., 1999; Holmskov et al., 2003). For example, MBL is a major PRR in the mammalian 
innate immune system (Holmskov et al., 2003), because it can bind to high-mannose carbohydrates 
present on the surface of many microorganisms, including bacteria, fungi, and viruses, to directly 
enhance phagocytosis or activate the complement system through the lectin pathway (Jack et al., 
2001; Holmskov et al., 2003; Jack and Turner, 2003). In insects, β-1,3-glucan recognition proteins 
(βGRPs) (Kim et al., 2000; Ma and Kanost, 2000; Ochiai and Ashida, 2000; Jiang et al., 2004), 
thioester containing proteins (TEPs) (Blandin and Levashina, 2004), peptidoglycan recognition pro-
teins (PGRPs) (Steiner, 2004), and C-type lectins (Yu et al., 2002; Kanost et al., 2004) are major 
PRRs in innate immune recognition. In this chapter, we summarize the activation of immune 
responses by M. sexta immulectins.

26.2 MANDUCA SEXTA IMMULECTINS IN INNATE IMMUNITY

26.2.1 PROPERTIES OF IMMULECTINS

M. sexta immulectins are a group of 32–38 kDa glycoproteins, which are secreted into the hemo-
lymph (Table 26.1). Two isoforms of immulectin-1 (IML-1) are present in hemolymph, with cal-
culated masses (based on native polyacrylamide gel electrophoresis [PAGE] analysis) of 36 and 
37.5 kDa (Yu et al., 1999). Analysis of recombinant IML-1 by gel fi ltration chromatography indi-
cates that it forms oligomers. Two isoforms of IML-2 are also identifi ed in hemolymph with 
molecular masses of 35,381 and 36,240 Da as determined by mass spectrometry (Yu and Kanost, 
2000). The amino-terminal sequences of the two IML-2 isoforms are identical (up to 10 residues 

s–s

s–s
s–s s–s

s–s

CRD1 CRD2N C

FIGURE 26.1 (See CD for color fi gure.) Schematic diagram of an IML. An IML contains tandem CRDs. 
Each CRD may bind different carbohydrates. The amino-terminal short CRD1 is stabilized by two pairs of 
disulfi de bonds, while the carboxyl-terminal long CRD2 has three pairs of disulfi de bonds. 
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determined by Edman degradation), and both isoforms are glycoproteins confi rmed by deglyco-
sylation of the purifi ed proteins with N-glycosidase F. IML-2 is present mainly as a monomer in 
solution with lower amounts of dimers and higher order oligomers. Polyclonal rabbit antiserum to 
recombinant IML-3 cross-reacts with at least three isoforms in hemolymph, which are converted 
to one smaller protein after treatment with N-glycosidase F (Yu et al., 2005), consistent with a 
hypothesis that the IML isoforms arise from difference in N-linked glycosylation. IML-4 is a 
300-residue protein after removal of a signal peptide and contains two potential N-linked glyco-
sylation sites (Yu et al., 2006).

Among the four M. sexta immulectins, IML-1 is 26%–27% identical to IML-2, IML-3, and 
IML-4, while IML-2 is 38% identical to IML-3 and 35% to IML-4. IML-3 and IML-4 are most 
similar with 56% identity in amino acid sequence, and rabbit polyclonal antiserum to recombi-
nant IML-3 can cross-react with IML-4 (Yu et al., 2006). In mammalian C-type lectins, a trip-
eptide sequence within the CRD is critical for carbohydrate specifi city (Weis et al., 1992; 
Zelensky and Gready, 2005). CRDs with a tripeptide of Glu-Pro-Asn are predicted to bind glu-
cose/mannose, while a tripeptide of Gln-Pro-Asp is for galactose. In the carboxyl-terminal 
CRD2 of immulectins, a tripeptide of Glu-Pro-Asn with specifi city for glucose/mannose is 
present in IML-1, IML-2, and IML-4, while IML-3 has a tripeptide of Gln-Pro-Asp with pre-
dicted specifi city for galactose. However, neither conserved tripeptide is found in the amino-
terminal CRD1 of the four immulectins. The amino-terminal and carboxyl-terminal CRDs 
within each M. sexta IML share only ~20% identity. Phylogenetic analysis of individual CRDs 
of M. sexta immulectins and other members of the IML family shows that the CRD1s are clus-
tered in a group, which is distant from the group that contains CRD2s (Figure 26.2). This result 
suggests that the tandem CRDs diverged prior to an ancient gene duplication in the Lepidopteran 
lineage that gave rise to the tandem CRD structure of immulectins. CRD of rat MBP-A and 
CRD4 of the macrophage mannose receptor are placed in the group with the CRD2s, suggesting 
that mammalian CRDs and CRD2s of immulectins may have evolved from the same ancestor. 
However, B. mori multibinding protein (BmMBP) (Watanabe et al., 2006) is an exception, as 
both of its CRDs cluster with the CRD2 group, suggesting that its evolutionary history differs 
from most immulectins.

26.2.2 AGGLUTINATING ACTIVITY OF IMMULECTINS

M. sexta immulectins agglutinate microorganisms and some animal erythrocytes. Recombinant 
IML-1, IML-3, and IML-4 agglutinate Gram-negative Escherichia coli, Gram-positive Staphylococcus 
aureus, and yeast (Saccharomyces cerevisiae) in a concentration- and calcium-dependent manner 

TABLE 26.1
Properties of M. sexta Immulectins

Number of Residues 
in Mature Protein

Number of 
N-glycosylation 

Sites Theoretical pI

Calculated Mass 
(kDa) of Mature 

Protein

IML-1 291 1 (Asn237) 4.97 33.37

IML-2 308 1 (Asn253) 6.07 34.83

IML-3 292 1 (Asn134) 6.27 31.98

IML-4 300 2 (Asn58, Asn228) 6.23 33.60
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(Yu et al., 1999, 2005, 2006). Native IML-2 purified from hemolymph agglutinates E. coli 
and the agglutinating activity is calcium-dependent (Yu and Kanost, 2000). In addition, IML-2 
agglutinates erythrocytes of horse, human group A, B and O, sheep, and rabbit with a minimum 
agglutinating concentration of 0.6 µg/mL for horse erythrocytes. This agglutinating activity is 
inhibited by d-xylose and d-glucose and by lipopolysaccharides (LPS) from E. coli (Yu and 
Kanost, 2000).

BmLBL CRD2

HalML CRD2
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HcLBL CRD2

LoLec3 CRD2

IML3 CRD2

IML4 CRD2
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FIGURE 26.2 Phylogenetic analysis of individual CRDs of the IML family. Phylogenetic analysis of 
individual amino-terminal CRD1s (107–113 residues) and carboxyl-terminal CRD2s (147–154 residues) of 
insect IML members was conducted using MEGA version 3.1 by the neighbor-joining method. (From Kumar, S., 
Tamura, K., and Nei, M., Brief. Bioinformatics, 5, 150, 2004.) IML-1, -2, -3, and -4: M. sexta IML-1, -2, -3, 
and -4 (accession numbers: AF053131, AF242202, AY768811, and AY768812); BmIML: B. mori IML (acces-
sion number: AY297159); BmLBL: B. mori LPS-binding lectin (accession number: AJ011573); BmMBP: 
B. mori multibinding protein (accession number: AB219148); HcLBL: H. cunea LPS-binding lectin (accession 
number: AF023275); HaIML: H. armigera lectin (accession number: ABF83203); LoLec3: L. oblique lectin 3 
(accession number: AAV91450); MBP-A: CRD (131–238 residues) of rat mannose binding protein A (acces-
sion number: P19999); CRD4: the CRD4 (621–764 residues) of the macrophage mannose receptor (accession 
number: P22897).
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26.2.3 INDUCED EXPRESSION OF IMMULECTINS

mRNAs of all four immulectins are present in the fat body but not in the hemocytes of larvae (Yu et al., 
1999, 2005, 2006; Yu and Kanost, 2000). IML-1 mRNA is not detected in the fat body of control 
larvae (injected with saline), but its synthesis is induced in the fat body after larvae are injected with 
E. coli (Yu et al., 1999). IML-2 mRNA is expressed at a constitutively low level in the fat body of 
control larvae and is induced to a much higher level in the fat body after injection of E. coli, Micro-
coccus lysodeikticus, or S. cerevisiae (Yu and Kanost, 2000). Two transcripts of IML-3 are detected 
in the fat body. A 5 kb transcript is present at a low level in the fat body of control larvae, but disap-
pears after larvae are injected with bacteria. However, a much more abundant 3.1 kb transcript, which 
is absent in the fat body of control larvae, is induced in the fat body of larvae injected with bacteria 
(Yu et al., 2005). This 3.1 kb IML-3 transcript may be generated from a change in pre-mRNA splicing 
after larvae are injected with bacteria. The full-length cDNA clone we obtained for IML-3 is 3.8 kb, 
including an unusually long (2.8 kb) noncoding region at the 3′ end, which contains eight potential 
polyadenylation signal sites (Yu et al., 2005). A single IML-4 transcript is present in the fat body of 
control larvae and increases in amount after larvae are injected with bacteria (Yu et al., 2006).

M. sexta immulectins are secreted into hemolymph. IML-1 is not detectable in hemolymph of 
control larvae, and its concentration, though elevated after bacterial injection, remains low (less than 
1 µg/mL) (Yu et al., 1999). IML-2 is present constitutively at a low concentration in hemolymph of 
control larvae, with an average of ~18 µg/mL (a range of 3.8–36.5 µg/mL in 36 larvae measured). 
After injection of E. coli, the concentration of IML-2 in hemolymph consistently declines within 2 h 
postinjection but then increases to the original level by 6 h and continues to increase up to 48 h 
postinjection. The concentration of IML-2 increases three- to four-fold in hemolymph by 24 h after 
larvae are injected with Gram-negative bacteria or LPS (Yu and Kanost, 2000). In hemolymph of 
naive larvae, IML-3 is present at a low concentration. After injection with bacteria, IML-3 concen-
tration in hemolymph drops within 2 h but recovers to the original level by 12–24 h postinjection and 
slightly increases up to 48 h postinjection (Yu et al., 2005). The concentration of IML-3 in the con-
trol larvae (injected with saline) changes in a similar pattern, suggesting that wounding and micro-
bial infections have similar effects on IML-3 concentrations in hemolymph. IML-4 is undetectable 
in hemolymph of naive larvae, but its concentration in hemolymph increases when larvae are injured 
(injected with saline) or infected with microorganisms (Yu et al., 2006). IML-2 is also detected on 
the surface of hemocytes (Ling and Yu, 2006a), while IML-3 is translocated from plasma to the 
cytoplasm and nucleus of hemocytes upon immune challenge (Yu et al., 2005; E. Ling and X.-Q. Yu, 
unpublished results).

26.2.4 BINDING SPECIFICITY OF IMMULECTINS

M. sexta immulectins have a broad carbohydrate-binding specifi city. IML-1 binds to bacterial 
LPS, but affi nity of IML-1 for monosaccharides, including mannose, glucose, N-acetylglu-
cosamine and N-acetylgalactosamine, is not detected (Yu et al., 1999). Enzyme-linked immuno-
sorbent assay (ELISA) shows that IML-2 binds to immobilized LPS, lipoteichoic acid (LTA), 
mannan and laminarin, and protein pull-down assays show that IML-2 also binds to peptidogly-
can and curdlan (Yu and Kanost, 2000; Yu and Ma, 2006). IML-2 binds to smooth LPS from fi ve 
different Gram-negative bacteria (E. coli strains 026:B6 and 0111:B4, Pseudomonas aeruginosa, 
Serratia marcescens, Salmonella minnesota), and to four rough mutants of LPS (R-LPS), which 
lack the O-specifi c antigen and different regions of the core carbohydrate, and a smaller amount 
of IML-2 also binds to lipid A (Yu and Ma, 2006). These results suggest that IML-2 binds to the 
core carbohydrate and O-specifi c antigen of LPS, with perhaps lower affi nity to lipid A. IML-2 
also has affi nity for d-xylose and d-glucose, as these monosaccharides inhibit its hemagglutina-
tion activity (Yu and Kanost, 2000). IML-3 and IML-4 bind to LPS, LTA and laminarin (Yu et al., 
2005, 2006), as well as to peptidoglycan and curdlan (X.-Q. Yu, unpublished results).
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Surprisingly, calcium is not required for binding of M. sexta immulectins to microbial compo-
nents. At low IML-2 concentrations (0–50 nM), very little IML-2 binds to LPS from E. coli 026:B6 
and 0111:B4 in the presence of calcium. Binding of IML-2 to LPS substantially increases when 
EGTA is present. However, the addition of spermine (a polyamine) signifi cantly increases IML-2 
binding to LPS. Binding of IML-2 to LTA and laminarin also increases when EGTA or spermine is 
added to the binding buffer, but the increase is not as great as that for LPS (Yu and Ma, 2006). Nearly 
the same amount of LPS or LTA bind to immobilized IML-4 in the presence of calcium or EGTA 
(Yu et al., 2006). These results suggest that calcium is not required for IML-2 and IML-4 binding to 
microbial components, and polyamine may increase IML-2’s binding activity through water-medi-
ated hydrogen-bonding. This calcium-independent binding seems to be shared by other immulec-
tins, because H. cunea LPS-binding lectin, a member of the IML family, and M. sexta IML-1 and 
IML-3 all bind to microbial components in the absence of calcium (Shin et al., 2000; X.-Q. Yu, 
unpublished results). The unique property of calcium-independent binding of immulectins has not 
been observed in mammalian C-type lectins, because calcium is a direct ligand for mammalian 
C-type lectins in binding to carbohydrates (Weis et al., 1992). However, calcium is required for 
agglutination of microorganisms by immulectins (Yu et al., 1999, 2005, 2006; Yu and Kanost, 2000). 
This may be because immulectins still bind to calcium, but at a site different from the one for carbo-
hydrate binding. Calcium binding may promote interactions between immulectins to form dimers or 
oligomers, which then can agglutinate microorganisms (Figure 26.3).

In mammalian C-type lectins such as MBL and the macrophage mannose receptor, calcium 
protects the CRD from proteinase digestion (Ng et al., 1996; Napper et al., 2001). This is also the 
case for IML-2 (Yu and Ma, 2006). In the presence of calcium, little IML-2 is digested by trypsin at 
200 µg/mL; however, in the presence of EDTA, IML-2 is nearly completely digested by trypsin at 
5 µg/mL. These results suggest that IML-2 does bind to calcium. We used isothermal titration calori-
metry (ITC) to study direct binding of calcium to IML-2. We determined that recombinant CRD2-II 
of IML-2 (Yu and Kanost, 2003) binds relatively weakly to calcium, with a binding constant of 
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FIGURE 26.3 (See CD for color fi gure.) Calcium binding enhances agglutinating activity of immulectins. 
Binding of calcium to immulectins may promote interactions between immulectins to form dimers and oli-
gomers, which then can agglutinate microorganisms by cross-binding to microbial surface molecules.
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~7 × 103 M−1 (X.-Q. Yu, unpublished results). Calcium binding apparently causes conformational 
changes in IML-2 such that it resists trypsin digestion. To test whether calcium binding to CRD2-II 
induces a conformational change, we used circular dichroism (CD) to measure the secondary struc-
tures of CRD2-II in the presence of increasing concentrations of calcium. We found that the CD 
spectra of CRD2-II changed signifi cantly when calcium concentrations increased (X.-Q. Yu, 
unpublished results), indicating that calcium binding to CRD2-II indeed induces a conformational 
change. A conformational change in IML-2 (after binding to calcium) may form a more compact 
structure, which is then resistant to proteinase digestion. This property may be particularly impor-
tant for IML-2 to function as a PRR because microbial infection activates many proteinases in 
hemolymph (Kanost et al., 2004), which might otherwise digest IML-2.

26.2.5 IML-1 AND IML-2 IN PROPHENOLOXIDASE ACTIVATION

Activation of prophenoloxidase (proPO) in the hemolymph is mediated by a serine proteinase cas-
cade, which has some similarities to the vertebrate complement system (Ashida and Brey, 1998; 
Cerenius and Soderhall, 2004). Recognition of pathogen-associated molecular pattern (PAMP) by 
different PRRs triggers activation of the serine proteinase cascade, leading to the conversion of the 
proPO zymogen to active phenoloxidase (PO). ProPO is converted to PO by proPO-activating pro-
teinases (PAPs) (Jiang et al., 1998, 2003a,b). However, active PAP alone cannot convert proPO to 
functional PO, but requires serine proteinase homologs (SPHs) as essential cofactors (Jiang et al., 
2003a,b; Yu et al., 2003). SPHs contain an amino-terminal clip domain and a carboxyl-terminal 
serine proteinase-like domain (Yu et al., 2003). The serine residue in the catalytic triad of the 
proteinase-like domain is mutated to a glycine. Thus, SPHs lack enzymatic activity, but may still 
retain ability to bind protein substrates. Binding of SPHs to proPO may facilitate its cleavage by 
PAP at the correct site to generate active PO.

IML-1 and IML-2 bind LPS to stimulate proPO activation in plasma (Yu et al., 1999; Yu and 
Kanost, 2000). For example, the addition of purifi ed IML-2 alone or IML-2/mannan complex to 
plasma does not lead to activation of proPO. However, addition of IML-2/LPS complex results in 
signifi cant activation of proPO within 10 min, and PO activity continues to increase up to 40 min. PO 
activity is barely observed when LPS alone is incubated with the plasma for 40 min (Yu and Kanost, 
2000). Experimental results indicate that IML-1 and IML-2 bind to PAMPs like LPS and trigger 
activation of the serine proteinase cascade, leading to proPO activation. Although IML-2 has affi nity 
for mannan, an IML-2/mannan complex does not activate proPO, suggesting that the selective inter-
action of IML-2 with LPS stimulates activation of the cascade.

Formation of a protein complex that includes immulectins and SPHs may target proPO activation 
to microbial surfaces. SPHs are copurifi ed with IML-2, and the recombinant serine proteinase-like 
domain of SPH1 (Yu et al., 2003) can pull down IML-2, proPO, and PAP1 in hemolymph. Thus, a 
protein complex composed of IML-2, SPHs, proPO and PAP may form in hemolymph. Such a com-
plex may localize proPO activation to the surface of pathogens because of IML-2’s activity as a PRR. 
Localization of active PO at the surface of a pathogen would result in high concentration of PO prod-
ucts near the target of the immune response and limit systematic PO activation, which would harm 
the insect host. In addition, elevated local concentrations of IML-2 on a pathogen surface may enhance 
recruitment of other hemolymph proteins to stimulate additional humoral or cellular responses.

26.2.6 IMMULECTINS PROMOTE PHAGOCYTOSIS AND ENCAPSULATION

Insect cellular immune responses are mediated by hemocytes (Lavine and Strand, 2002). As PRRs, 
immulectins can enhance hemocyte-mediated phagocytosis and encapsulation. We have demon-
strated that different M. sexta hemocyte types have distinct functions in phagocytosis of foreign 
particles and apoptotic cells. Microsphere beads are phagocytosed primarily by plasmatocytes, 
whereas only granulocytes phagocytose apoptotic cells (Ling and Yu, 2006a). IML-2 is present on 

7269_C026.indd   3897269_C026.indd   389 9/6/2008   2:45:59 PM9/6/2008   2:45:59 PM



390 Animal Lectins: A Functional View 

the surface of both plasmatocytes and granulocytes (Figure 26.4), and it selectively distributes to 
plasmatocytes or granulocytes depending upon the immune status (Ling and Yu, 2006a). In naive 
larvae, IML-2 binds to the surface of granulocytes, but after immune challenge, more IML-2 is 
bound to plasmatocytes. Coupling of IML-2 to microsphere beads enhances their phagocytosis by 
hemocytes (Ling and Yu, 2006a). Thus, IML-2 may act as an opsonin to enhance phagocytic activity 
of hemocytes due to its interactions with both pathogens and hemocytes (Figure 26.5).

Cellular encapsulation is a complex process that requires participation of plasma proteins and 
hemocytes to form a multilayered capsule of hemocytes surrounding a parasite or other nonself 
object too large to be phagocytosed. In a Lepidopteran species, the soybean looper Pseudoplusia 
incudens, capsule formation begins with adhesion of granulocytes to the foreign surface, followed 
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FIGURE 26.4 (See color insert following blank page 170. Also see CD for color fi gure.) IML-2 is 
detected on the surface of hemocytes. Hemocytes were collected from the fi fth instar M. sexta larvae and 
fi xed with paraformaldehyde on a slide. IML-2 on the surface of hemocytes was detected by rabbit poly-
clonal antibody to IML-2 followed by fl uorescein isothiocyanate (FITC)-labeled goat-anti-rabbit IgG, and 
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI). (A): A bright phase view of hemocytes. 
(B): The same hemocytes in (A) viewed by fl uorescence microscopy. Green = IML-2; blue = nuclei; Pl = 
plasmatocytes; Gr = granulocytes.

FIGURE 26.5 (See color insert following blank page 170. Also see CD for color fi gure.) IML-2 acts 
as an opsonin to enhance phagocytic activity of hemocytes. IML-2 is a PRR that can bind to microbes. Since 
IML-2 also binds to hemocytes, it can enhance phagocytosis of the IML-2-bound microbes by attracting the 
microbes to hemocyte surface.
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by multiple layers of plasmatocytes, and terminates with a single layer of granulocytes (Pech and 
Strand, 1996). In M. sexta, immulectins can enhance cellular encapsulation (Yu et al., 2005, 2006; 
Ling and Yu, 2006b). In in vitro encapsulation assays, almost 100% of agarose beads coated with 
any one of the four M. sexta immulectins are encapsulated by hemocytes. In contrast, less than 
10% of agarose beads coated with a control protein (CP36, an M. sexta cuticle protein) (Suderman 
et al., 2003) are encapsulated (Ling and Yu, 2006b). Preincubation of the IML-2-coated beads 
with IgG to IML-2 inhibits their encapsulation, further indicating that hemocytes are attracted 
to IML-2-coated surface. It appears that immulectins serve as PRRs to recognize and bind to 
the surface of pathogens and then hemocytes are recruited to the IML-bound surface to initiate the 
encapsulation process (Figure 26.6). Immulectins may also participate in hemocyte–hemocyte 
interactions through binding to hemocyte surface glycoproteins to enhance hemocyte capsule 
formation.

Cellular encapsulation is often accompanied by melanization, a process that requires PO activity 
or activation of proPO associated with hemocytes or the parasite surface. We have observed that 
IML-2 and IML-4 enhance both encapsulation and melanization of the beads, while IML-1 and 
IML-3 enhance encapsulation but not melanization (Yu et al., 2005, 2006; Ling and Yu, 2006b). 
Insect proPO is synthesized in oenocytoids in M. sexta larvae (Jiang et al., 1997), and released into 
hemolymph either by rupture of hemocytes or by exocytosis, as proPO does not contain a secretion 
signal. ProPO binds to the surface of granulocytes and spherule cells from naive M. sexta larvae 
(Ling and Yu, 2005). When larvae are injured or immune challenged, hemocyte surface proPO is 
activated to PO, and the number of hemocytes with surface proPO/PO increases, as does the number 
of melanized hemocytes (Ling and Yu, 2005).

Activation of hemocyte surface proPO may initiate melanization of these hemocytes, which then 
leads to the systemic melanization of hemocyte capsules. ProPO may bind to hemocytes through 
IML-2, because IML-2 is detected on the surface of granulocytes (Ling and Yu, 2006a), and it can 
directly interact with proPO/PO (Yu and Kanost, 2004). Active PO on the surface of hemocytes may 
recruit more hemolymph PO to hemocytes since PO tends to aggregate (Ashida and Brey, 1998).

FIGURE 26.6 (See CD for color fi gure.) Immulectins promote cellular encapsulation. (A) Cartoon pre-
sentation of immulectins in cellular encapsulation. Immulectins bind to a parasite through its surface mole-
cules and recruit hemocytes to the IML-coated parasite. Then hemocyte surface immulectins recruit more 
hemocytes to the parasite to promote formation of hemocyte capsules. (B) An agarose bead coated with 
recombinant IML-4 is encapsulated by M. sexta hemocytes. H = hemocytes. Bar is 50 µm.
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26.2.7 IML-2 IN PROTECTION OF LARVAE FROM BACTERIAL INFECTION

IML-2 is a key PRR that participates in both cellular and humoral immune responses in M. sexta. 
Immunodepletion of endogenous IML-2 in hemolymph inhibits clearance of a Gram-negative bac-
terium, S. marcescens, and decreases larvae survival after S. marcescens infection (Yu and Kanost, 
2003). Furthermore, RNAi silencing of IML-2 gene expression markedly decreases the ability of 
M. sexta larvae to withstand infection by the insect pathogen Photorhabdus. IML-2 knockdown 
causes the greatest reduction in host resistance to infection among the three PRR genes tested 
(IML-2, hemolin, and PGRP) (Eleftherianos et al., 2006a). The decreased resistance to infection in 
the IML-2 knockdown larvae is associated with reduced hemolymph PO activity, a result consistent 
with the idea that IML-2 mediates formation of a protein complex required for proPO activation 
(Yu et al., 2003). IML-2 can also bind to the surface of a nematode, C. elegans, and coating of nema-
todes by IML-2 enhances melanization of the worms in the hemocoel of M. sexta larvae (Yu and 
Kanost, 2004). It is apparent that IML-2 recognizes a wide variety of pathogens, including Gram-
negative bacteria, and even some eukaryotic parasites such as nematodes. Prior infection of M. sexta 
with the nonpathogenic bacterium E. coli elicits effective immunity against subsequent infection by 
Photorhabdus luminescens TT01. This protective “immunization” is less effective when IML-2 is 
knocked down by RNAi (Eleftherianos et al., 2006b).

26.3 CONCLUSION AND FUTURE DIRECTIONS

M. sexta immulectins serve as PRRs in innate immunity. They have a broad binding ability, and thus 
can recognize a variety of microorganisms. To enhance cellular immune responses such as phago-
cytosis or encapsulation, immulectins must also interact with hemocyte surface molecules or recep-
tors. So far, we have little information about hemocyte surface molecules or receptors with which 
immulectins can interact. One candidate may be integrins, since integrins are surface molecules 
involved in cell adhesion. A hemocyte specifi c β-integrin in M. sexta has been shown to participate 
in the encapsulation process (Levin et al., 2005). Among the four M. sexta immulectins, only IML-2 
contains an RGD (Arg-Gly-Asp) motif, which can be recognized by some integrins. IML-2 might 
also interact with integrins or other cell adhesion proteins through their carbohydrate chains, as 
many of them are glycoproteins, and thus increase hemocyte–hemocyte interaction to promote 
encapsulation.

In proPO activation, immulectins interact with plasma proteins including proteinases (PAPs) 
and cofactors (SPHs) as shown by formation of a protein complex composed of IML-2, SPHs, 
proPO, and PAP1. This brings up two questions: (1) Which domains of IML-2 participate in these 
interactions? (2) Does the same or a different domain interact with the different plasma proteins? At 
this moment, detailed structural information is lacking for immulectins. In future work, identifi ca-
tion of regions in immulectins that interact with different proteins and determination of three-
dimensional structures are needed, which will provide knowledge for the design of mutagenesis 
experiments.
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27.1 INTRODUCTION

Galectins are a family of highly conserved glycan-binding proteins with affi nity for β-galactoside-
containing oligosaccharides [1,2]. Since the discovery of discoidin-1 in the cellular slime mold Dic-
tyostelium discoideum [3] and electrolectin in the electric organ tissue of the electric eel [4], the family 
of galectins has received increasing attention. However, it was only in the 1990s that experimental 
evidence emerged, illuminating a role for galectins in the regulation of physiological and pathological 
processes, particularly in the control of immune cell homeostasis and infl ammation [5]. Members of 
the galectin family are defi ned by a conserved carbohydrate recognition domain (CRD) with a cano-
nical amino acid sequence and affi nity for β-galactosides [2,6]. To date, 15 mammalian galectins have 
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been identifi ed, which can be subdivided into those that have one CRD (prototype) and those that have 
two CRDs in tandem (tandem-repeat type). In addition, galectin-3, a one-CRD galectin, is unique 
in that it contains unusual tandem repeats of short amino acid stretches fused onto the CRD 
(chimera-type) [2,7]. Many galectins bind carbohydrate moieties in a bivalent or multivalent 
manner. Some one-CRD galectins exist as dimers; two-CRD galectins have two carbohydrate-
binding sites, and galectin-3 forms oligomers when it binds to multivalent carbohydrates [8]. 
Galectin-mediated cross-linking of cell surface glycoconjugates can trigger a cascade of 
transmembrane signaling and modulate processes that include apoptosis, cytokine secretion, cell 
adhesion, and migration [8].

Galectins can be found inside and outside cells, and have distinct functions in each location [9]. 
Whether endogenously expressed, or rapidly internalized from the cell surface, galectins have been 
implicated in important intracellular functions such as pre-mRNA splicing, regulation of cell growth, 
cell cycle progression, and protein sorting [9]. Although galectins do not contain signal peptides to 
direct them through the classical endoplasmic reticulum (ER)-Golgi apparatus secretory system, 
they can be secreted by other unorthodox secretory pathways [6]. Once outside the cell, galectins bind 
to and cross-link multiple glycoconjugates found on the cell surface or in the extracellular matrix 
(ECM) [8].

Although most mammalian galectins bind preferentially to glycoconjugates containing the 
ubiquitous disaccharide N-acetyllactosamine [Galβ1-3GlcNAc or Galβ1-4GlcNAc], binding to 
individual lactosamine units is of relatively low affi nity (Kd ∼ 1 mM), and arrangement of lactosamine 
disaccharides in repeating chains (polylactosamine) increases binding avidity. Moreover, detailed 
structural analysis of the CRDs suggests subtle differences in carbohydrate-binding specifi cities of 
individual members of this family [10]. Whether differences in saccharide specifi city might be 
responsible for distinct biological effects in response to individual galectin binding still remains to 
be elucidated.

Some galectins are distributed in a wide variety of tissues, whereas others have a more restricted 
localization [11]. Within the immune system, galectins are found in activated macrophages, acti-
vated B cells, and activated T cells [12–14]. Recent studies using gene expression arrays have indi-
cated elevated expression of galectin-1 in CD4+ CD25+ regulatory T cells [15,16]. The expression of 
galectins is modulated during the activation and differentiation of immune cells and may be sig-
nifi cantly altered under several pathological conditions [17].

Accumulating evidence has shown that galectins play a role in the initiation, activation, and 
resolution phases of innate and adaptive immune responses by promoting anti-infl ammatory or 
proinfl ammatory effects (Figures 27.1 and 27.2). In this regard, it has been recently hypothesized 
that the same galectin may exert pro- or anti-infl ammatory effects depending on multiple factors, 
such as the concentration reached in infl ammatory foci, extracellular microenvironment, and the 
particular target cells impacted [5]. It has been suggested that multivalency of individual members 
of the galectin family and their cross-linking properties might determine different biological 
responses by inducing aggregation of specifi c cell surface glycoreceptors, which in many cases, are 
associated with different signal transduction events [18]. We will discuss here the anti-infl ammatory 
(Figure 27.1) and proinfl ammatory (Figure 27.2) activities of different members of the galectin 
family on the physiology of different immune cell types. Finally, we will illustrate the impact of 
these immunoregulatory activities in the development and progression of chronic infl ammatory 
disorders, autoimmunity, and cancer.

27.2 IMPACT OF GALECTINS IN T-CELL PHYSIOLOGY

T-cell homeostasis is attributed to multiple distinct checkpoints that are interconnected and intervene at 
defi ned stages of the life cycle of immune cells to guarantee clonal expansion, differentiation, and func-
tional inactivation of antigen-experienced or potentially autoaggressive T lymphocytes [19]. During the 
past decade, several laboratories have made important contributions to the elucidation of the role galectins 
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in T-cell physiology and homeostasis. There is now consistent evidence that cross-linkage of T-cell 
surface receptors by galectins can trigger different transmembrane signaling events through which diverse 
processes such as survival, activation, cytokine secretion, and cell migration are modulated [7,8].

27.2.1  GALECTINS IN THE MODULATION OF T-CELL SURVIVAL AT CENTRAL 
AND PERIPHERAL IMMUNE CELL COMPARTMENTS

A critical process for dampening potential harmful T-cell responses is the fi netuning and regulation 
of T-cell survival. Mounting evidence indicates that galectin-1 can control T-cell proliferation and 
apoptosis of human and murine T cells during development in the thymus and after stimulation in 
the periphery [12,13,20–26]. Different cell surface glycoconjugates appear to be primary receptors 
for galectin-1, such as CD45, CD43, CD2, CD3, and CD7 [22,27–29]. Interestingly, galectin-1 bind-
ing to T cells results in a marked redistribution of these glycoproteins into segregated membrane 
microdomains [28]. Furthermore, it has been demonstrated that CD45 can positively or negatively 
regulate galectin-1-induced T-cell death depending on its glycosylation status [27]. Hence, CD45+ 
T cells lacking the core 2 β-1,6-N-acetylglucosaminyltransferase (C2GnT), an enzyme responsible 
for creating branched structures on O-glycans of T-cell surface glycoproteins, are resistant to galec-
tin-1-induced death [27,30]. In addition, it has been demonstrated that T-cell susceptibility to galectin-
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FIGURE 27.1 (See CD for color fi gure.) Anti-infl ammatory effects of galectins on different cell types 
including T cells, B cells, macrophages, neutrophils, eosinophils and mast cells. FcgRI: Fc receptor type I for 
immunoglobulin G; MHC: Major histocompatibility complex; TCR: T cell receptor; CRD: Carbohydrate rec-
ognition domain.
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1-induced cell death can also be regulated by the ST6Gal I sialyltransferase, which selectively 
modifi es N-glycans on CD45 to negatively regulate T-cell death [31]. Therefore, highly signifi cant 
factors that determine the responsiveness of cells to galectin-mediated signals include the repertoire 
of potentially glycosylated molecules expressed on the cell surface and the activities of specifi c 
glycosyltransferases, which are responsible for generating galectin ligands. These variables can 
dramatically change according to the developmental stage, state of activation, and differentiation, 
and pathophysiologic status of lymphoid cells (reviewed in Ref. [32]).

In this regard, CD7 has been identifi ed as a critical receptor for galectin-1-induced apoptosis 
[22] and it has been shown that CD4+ CD7− leukemic T cells are protected from galectin-1-triggered 
T-cell death [33,34]. Interestingly, recent evidence indicates that haploinsuffi ciency of C2GnT in 
T-cell lymphoma results in altered cellular glycosylation and resistance to galectin-1-induced apop-
tosis [35]. These fi ndings may represent a novel escape mechanism displayed by distinct types of 
lymphoma and leukemia cells in order to survive in galectin-1-enriched microenvironments.

The signal transduction events that lead to apoptosis induced by galectin-1 involve several intra-
cellular mediators of apoptosis, including the induction of specifi c transcription factors (i.e., AP-1) 
and modulation of BCL2 protein production [36], activation of caspases and cytochrome c release 
[21], and involvement of proximal signals such as p56lck and ZAP70 [37]. Interestingly, recent evi-
dence indicates that acid sphingomyelinase-mediated release of ceramide is essential to trigger the 
mitochondrial pathway of apoptosis induced by galectin-1 [38]. In addition, Allione et al. have 
shown that galectin-1 can infl uence apoptosis and cell cycle progression in an indirect manner; 
exposure to this protein upregulates the expression of both the α- and β-chains of interferon-γ 
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(IFN-γ) receptor on activated T lymphocytes and the increased expression of both chains renders the 
cells more susceptible to IFN-γ -induced apoptosis [39].

Interestingly, Endharti et al. demonstrated that, in contrast to the proapoptotic role of galectin-1 
on activated T cells, secretion of this protein by stromal cells is capable of supporting the survival of 
naive T cells without promoting proliferation [40]. In addition, recent evidence showed that galec-
tin-1 treatment can result in exposure of phosphatidylserine (an early apoptotic marker involved in 
the phagocytosis of apoptotic cells) on the plasma membrane of human neutrophils; however, the 
authors did not fi nd phosphatidylserine exposure or apoptosis in peripheral T cells [41]. Thus, it 
seems apparent that galectin-1 might trigger different signals (i.e., apoptosis or survival) and even 
different apoptosis end points (full apoptosis, phosphatidylserine exposure, or none) depending on 
a number of factors including the activation state of the cells, spatiotemporal expression of specifi c 
glycosyltransferases, general context of the cell culture, biochemical properties of purifi ed galec-
tin-1 (monomeric vs. dimeric forms), or the nature of the target cell (activated, differentiated, or 
resting peripheral T cells). These apparent discrepancies remain to be elucidated in future work 
demonstrating the potential role of endogenous galectin-1 in the regulation of apoptosis in vivo and 
the effects of different microenvironments in the apoptotic or immunoregulatory activity of this 
carbohydrate-binding protein.

Galectin-2, another one-CRD member of the galectin family structurally related to galectin-1, 
also promotes T-cell apoptosis probably via binding to cell surface β-integrins on the surface of T 
cells [42]. Analysis of the mechanisms involved in the proapoptotic properties of this protein revealed 
involvement of caspases-3 and -9, enhanced cytochrome c release, disruption of the mitochondrial 
membrane potential, and an increase of the Bax/Bcl-2 ratio [42]. Thus, although through activation 
of different receptors and intracellular pathways, galectin-2 can also modulate T-cell survival simi-
larly to galectin-1, suggesting that the existence of a conserved galectin-mediated mechanism 
responsible of regulating T-cell fate.

Galectin-3, the only chimera-type galectin, has been shown to act in a dual manner, either pro-
tecting cells from apoptosis or promoting apoptosis depending on whether the protein acts intracel-
lularly [43,44] or whether it is added exogenously [45,46]. Yang et al. demonstrated that T-cell 
transfectants overexpressing galectin-3 display higher growth rates than control transfectants and 
are protected from apoptosis induced by a variety of agents including anti-Fas antibodies and stau-
rosporine [44]. Furthermore, Akahani et al. showed that intracellular galectin-3 inhibits apoptosis 
through a cysteine protease pathway, highlighting the presence in the gal-3 gene of a NWGR motif, 
which is highly conserved in the BH1 domain of the bcl-2 gene family [43]. Interestingly, recent 
fi ndings indicated that extracellular galectin-3 can signal apoptosis of human T cells through bind-
ing to cell surface glycoconjugates such as CD45, CD71, CD7, and CD29 [45,46]. Furthermore, 
Hahn et al. suggested a functional cross-talk between intracellular and extracellular galectins in the 
regulation of T-cell death; the authors found that galectin-1-induced cell death is inhibited by intra-
cellular expression of galectin-3 [20]. Interestingly, recent evidence indicated, using galectin-3-
defi cient mice, that galectin-3 was at least in part responsible of accelerating thymocyte depletion 
during intracellular infection with the protozoan parasite Trypanosoma cruzi [47].

Galectin-9, a two-CRD member of the galectin family, has been shown to induce apoptosis of 
immature cortical thymocytes [48]. Furthermore, this lectin has also been shown to induce death of 
peripheral CD4+ and CD8+ T cells through a Ca2+-calpain-caspase-1-mediated pathway [49]. Inter-
estingly, recent evidence indicates that galectin-9-induced apoptosis requires the dimeric form of 
this protein and that galectin-9 treatment of the Jurkat T-cell line promotes loss of mitochondrial 
membrane potential and the release of apoptosis-inducing factor (AIF) [50].

Interestingly, recent fi ndings highlight a novel role for galectin-9 as a binding partner of the 
Th1-specifi c receptor Tim-3 [51]. In elegant studies, Zhu et al. demonstrated that galectin-9 can 
trigger apoptosis and immunosuppression through binding to Tim-3 [51]. The authors found that 
galectin-9 induces intracellular calcium fl ux, T-cell aggregation, and T-cell death through a Tim-
3-dependent mechanism [51].
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Although there is still scarce evidence for the participation of other members of the galectin 
family in immunoregulation, galectins-7, -8, and -12 have been shown to regulate cell survival in 
other cell types that, under special circumstances, might be involved in immunoregulation. For 
example, galectin-7 has been shown to increase the susceptibility of keratinocytes to ultraviolet-B-
induced apoptosis [52]. Gene profi le experiments revealed that galectin-7 functions intracellularly 
to induce apoptosis upstream of JNK activation and cytochrome c release [53]. Furthermore, galectin-8 
has been shown to modulate tumor cell survival through binding to β-integrins [54] and galectin-
12 has been shown to modulate cell-cycle progression and survival of adipocytes [55]. Whether 
modulation of cell survival by these galectins may compromise other immunological processes (e.g., 
skin immunity, adipocyte-immune connections, or tumor immunity) still remains to be elucidated. 
Targeted disruption of galectin genes in single or double knockout mice will be critical to dissect the 
impact of endogenous galectins in the regulation of cell fate and survival during the development of 
pathophysiologic processes.

27.2.2 GALECTIN-MEDIATED CONTROL OF TCR SIGNALING AND IMMUNOLOGICAL SYNAPSE

Another critical immunologic checkpoint that controls the decision between immune cell activation 
or immune cell tolerance is at the level of the T-cell receptor (TCR)-mediated signaling and the 
immunological synapse.

In this regard, galectin-1 has been shown to affect early TCR-dependent signals during T-cell 
activation. Vespa et al. found that galectin-1 inhibits TCR-induced interleukin-2 (IL-2) production 
and proliferation in a murine T-cell hybridoma clone and freshly isolated mouse thymocytes [56]. 
Interestingly, the same group further demonstrated that galectin-1 antagonizes TCR signals that 
require costimulation such as IL-2 production, while allowing TCR responses that only require par-
tial TCR signals such as CD69 upregulation and apoptosis. The authors clearly showed that galec-
tin-1 can modulate the immunological synapse by blocking TCR/costimulator-dependent lipid raft 
clustering at the TCR constant site [57]. The effects of galectin-1 at the level of the immunological 
synapse might also provide alternative explanations for the ability of galectin-1 to differentially 
regulate cell death in different cell types.

In addition, Demetriou et al. reported that galectin-3 may play a critical role in restricting TCR 
complex-initiated signal transduction. The authors hypothesized that galectin-3 might form multi-
valent complexes with N-glycans on the TCR, thereby restraining the lateral mobility of TCR com-
plexes [58]. This effect was abrogated in mice defi cient in β1,6-N-acetylglucosaminiltransferase 
(Mgat5), a crucial enzyme in the N-glycosylation pathway. These mice showed enhanced delayed-
type hypersensitivity responses and increased susceptibility to autoimmunity. Thus, galectin-3 may 
infl uence T-cell interactions with antigen-presenting cells and may control full T-cell activation by 
negatively regulating the immunological synapse [58].

On the other hand, Hokama et al. demonstrated using in vivo and in vitro experiments that galec-
tin-4, which is highly expressed by epithelial intestinal cells, favors CD4+ T-cell activation and 
induces IL-6 production through a PKCθ-dependent pathway [59]. These fi ndings were confi rmed 
in an experimental model of intestinal infl ammation, indicating that galectin-4 may function as a 
positive regulator of T-cell activation in vivo [59]. Thus, it seems evident that different members of 
the galectin family may differentially affect the immunological synapse to positively or negatively 
regulate T-cell activation.

27.2.3 GALECTIN REGULATION OF T-CELL-DERIVED CYTOKINES

Although the precise mechanisms still remain to be elucidated, different members of the galectin 
family have been shown to positively or negatively infl uence the production of a wide range of anti-
infl ammatory or proinfl ammatory cytokines (Figures 27.1 and 27.2). We have reported that recom-
binant galectin-1, at low concentrations (∼0.01–0.1 µM), can inhibit the secretion of proinfl ammatory 
cytokines, such as tumor necrosis factor-α (TNF-α) and IFN-γ by activated T cells without inducing 
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T-cell apoptosis [60]. Interestingly, this concentration is signifi cantly lower than that required for 
galectin-1 to dimerize (∼7 µM). In addition, we have shown that galectin-1 inhibits the allogeneic 
T-cell response through apoptotic and nonapoptotic mechanisms [26]. Interestingly, in this study, we 
found selective inhibition of Th1 cytokine production in the viable nonapoptotic T-cell population 
[26], suggesting that several galectin-1-mediated mechanisms may operate to achieve immunosup-
pression in vivo (see below). Furthermore, van der Leij et al. reported a marked increase in IL-10 
mRNA and protein levels in nonactivated and activated CD4+ and CD8+ T cells following exposure 
to recombinant galectin-1 [61]. In addition, the authors generated leucine-zipper based stable galec-
tin-1 homodimers and recently found that this stable dimeric galectin-1 can effi ciently induce apop-
tosis, increase IL-10, and decrease IL-2 secretion at markedly lower concentrations compared to 
nonmodifi ed recombinant galectin-1 [61].

However, one of the most consistent fi ndings among the literature is the ability of galectin-1 to 
skew the balance from a Th1- toward a Th2-polarized immune response in different experimental 
models of chronic infl ammation, autoimmunity, and cancer [62–68]. Investigation of cytokine bal-
ance in draining lymph nodes and spleens from mice treated with recombinant galectin-1 revealed 
decreased levels of IFN-γ and IL-2 production and high levels of IL-5, IL-10, and TGF-β production 
(Table 27.1). Recent fi ndings provide an explanatory mechanism to explain this Th2 bias, indicat-
ing that Th1 and Th17 cells have the repertoire of cell surface glycans that are critical for galectin-1 
binding and subsequent cell death, while Th2 cells are protected from galectin-1 through differential 
sialylation of cell surface glycoproteins [66]. Similar to galectin-1, Sturm et al. found that galectin-2 
can also shift the balance toward a Th2 cytokine profi le in T-cell culture [42]. Conversely, galectin-3 
has been shown to specifi cally reduce the levels of IL-5 secretion by T-cell lines, suggesting its 
potential ability to skew the cytokine balance toward a Th1 response [69]. On the other hand, galec-
tin-4, a two-CRD member of the galectin family has been shown to favor IL-6 production through a 
PKCθ-dependent pathway [59]. Thus, it seems apparent that different galectin members can selec-
tively regulate the pro- or anti-infl ammatory cytokine pattern and imprint their individual signatures 
in the regulation of an ongoing immune response. Whether Th1/Th2 shifts are associated with the 
ability of different galectin members to specifi cally target the survival or signaling of selected 
immune cell types is currently under investigation.

27.2.4 IMPACT OF GALECTINS IN REGULATORY T-CELL RESPONSES

Several mechanisms that control the immune system to prevent or minimize damage caused by reactiv-
ity to self-antigens and overexuberant immune response to pathogens have been described. In addition 
to activation-induced cell death and induction of anergy, avoidance of collateral damage to the host is 
also achieved by active immune suppression mediated by T regulatory cell populations [70]. We found 
that treatment with recombinant galectin-1 in the efferent phase of autoimmune ocular infl ammation 
results in increased IL-10 and TGF-β production and expansion of CD4+ CD25+ T regulatory cells 
in vivo [68]. Adoptive transfer of regulatory T cells obtained from galectin-1-treated mice prevented 
the development of autoimmune disease in naive recipient mice [68]. Interestingly, recent studies 
demonstrated using DNA microarray analysis that galectin-1 is overexpressed in naturally occurring 
regulatory T cells [16] and that blockade of galectin-1 signifi cantly reduced the suppressive effects of 
human and mouse CD4+ CD25+ regulatory T cells [15]. These fi ndings indicate that galectin-1 is a key 
effector of the suppressive activity of T regulatory cells, thus providing another potential mechanism 
to understand the immunoregulatory activities of this carbohydrate-binding protein.

27.2.5 GALECTINS IN T-LYMPHOCYTE ADHESION AND MIGRATION

Adhesion and migration of immune cells across blood-vessel walls and through ECM barriers is 
instrumental in maintaining homeostasis and competent performance in immunological reactions, 
such as in infl ammation [71]. We found that exposure to galectin-1 inhibited T-cell adhesion to 
ECM glycoproteins such as fi bronectin and laminin [60]. In addition, galectin-1 presented on the 
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TABLE 27.1
Impact of Galectins in Autoimmunity and Chronic Infl ammation

Experimental Models Strategies Used Clinical Outcome
Potential Mechanisms 

Involved References

Experimental 
autoimmune 
myasthenia gravis 
(EAMG)

•  Injection of 
electrolectin 
to rabbits

•  Complete clinical 
recovery and 
delayed onset

•  No changes in 
circulating 
autoantibodies or 
modifi cations at the 
muscular level

[110]

Experimental 
autoimmune 
encephalomyelitis 
(EAE)

•  Prophylactic 
administration of Gal-1 
to MBP-immunized 
Lewis rats

•  Prevention of 
clinical and 
histopathological 
signs of the disease

•  N.D. (Blockade 
of activation of 
pathogenic T cells?)

[111]

•  Gal-9 injection to 
MOG-immunized 
C57BL/6 mice

•  siRNA gal-9 to 
PLP-immunized 
SJL mice

•  Reduced severity 
and mortality

•  Selective loss of 
IFN-γ-producing cells. 
Apoptosis of Tim-3 + 
Th1 cells

[51]

•  Increased severity of 
the disease

Collagen-induced 
arthritis (CIA)

•  Gal-1 gene therapy 
and protein 
administration to 
DBA/1 mice

•  Suppression of 
clinical and 
histopathological 
manifestations

•  Increased IL-5 and 
decreased IFN-γ 
production

•  Increased T-cell 
susceptibility to 
activation induced cell 
death

[64]

Concanavalin 
A-induced hepatitis

•  Prophylactic 
administration of Gal-1 
in BALB/c mice

•  Prevention of liver 
injury and T-helper 
cell liver infi ltration

•  Suppressed tumor 
necrosis factor-α and 
IFN-γ production

[113]

•  Increased apoptosis 
of activated T cells

Infl ammatory bowel 
disease (TNBS-
induced colitis)

•  Prophylactic and 
therapeutic 
administration of Gal-1 
in BALB/c mice

•  Suppression of 
clinical and 
histopathological 
manifestations

•  Reduced ability of 
mucosal T cells to 
produce IFN-γ

•  Increased number of 
apoptotic T cells within 
mucosal tissue

[67]

•  Epithelial-derived 
Gal-4

•  Exacerbates intestinal 
infl ammation

•  Stimulates IL-6 
production by CD4+ T 
cells

[59]

IRBP-induced 
experimental 
autoimmune uveitis 
(EAU)

•  Administration of 
Gal-1 during the afferent 
or efferent phase of 
EAU in B10.RIII mice

•  Suppression of 
ocular infl ammatory 
disease

•  Ability to counteract 
Th1-mediated 
responses

•  Promotion of a Th2 
and T-regulatory-
mediated anti-
infl ammatory responses

[68]

Nephrotoxic nephritis 
(induced by 
antiglomerular 
basement membrane 
serum)

•  Gal-1, Gal-3, Gal-9 
administration to 
Wistar Kyoto rats

• Clinical recovery •  Gal-9 induces 
apoptosis of activated 
CD8+ cells

[112]
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TABLE 27.1 (continued)
Impact of Galectins in Autoimmunity and Chronic Infl ammation

Experimental Models Strategies Used Clinical Outcome Potential Mechanisms 
Involved

References

•  Gal-1 and Gal-3 
suppress the 
accumulation of 
macrophages

Nephropatic diabetes 
(model of type 2 
diabetes)

•  Gal-9 i.p. 
administration to male 
db/db mice

•  Reduced albuminuria, 
glomerular hypertrophy, 
and mesangial matrix 
expansion

•  Inhibition of 
glomerular expression 
of TGF-β1

•  Reduced cell arrest 
in the G0/G1 phase

[115]

Graft versus host 
disease

•  Gal-1 administration 
to mice

•  Increased host 
survival following 
allogeneic 
hematopoietic stem 
cell transplant

•  Reduced production 
of IFN-γ and IL-2

•  Reduced 
alloreactivity

[62]

Type 1 diabetes 
(induced by adoptive 
transfer of diabetogenic 
splenocytes into 
NODrag1−/− mice)

•  Prophylactic 
administration of DC 
genetically engineered 
to synthesize transgenic 
gal-1

•  Therapeutic gal-3 gene 
therapy to A/J mice

• Delayed onset •  Deletion of β 
cell-reactive T cells

[63]

OVA-induced 
asthma

•  Improvement in 
airway 
hyperresponsiveness 
and remodeling

•  Eosinophil depletion 
by IL-5 inhibition

[116]

•  Challenge of Gal-
3-defi cient C57BL/6 
mice

•  Gal-3−/− mice 
developed less airway 
hyper-responsiveness 
and lower goblet cell 
metaplasia

•  Fewer eosinophils and 
IgE levels

•  Lower Th2 response and 
higher Th1 response

[117]

Note:  Gal, galectin; MBP, myelin-basic protein; MOG, myelin oligodendrocyte glycoprotein; DC, dendritic cell; siRNA, 
small interfering RNA; PLP, myelin proteolipid protein; TNBS, 2,4,6-trinitrobenzene sulfonic acid; IRBP, interphoto-
receptor retinoid-binding protein; OVA, ovalbumin; AHR, airway hyperresponsiveness.

surface of the ECM reduced the ability of T cells to migrate through the matrix; this effect required 
CD43 clustering but was independent of the presence core 2 O-glycans [72]. Hence, it is becom-
ing increasingly apparent that apoptosis may only partially explain the immunosuppressive prop-
erties of galectin-1; T cells that are refractory to apoptosis may be subject to suppression of 
proinfl ammatory cytokine secretion, inhibition of their migratory capacity, and targeting for 
phagocytic removal.

27.3 IMPACT OF GALECTINS IN B-CELL PHYSIOLOGY

Whereas compelling evidence has been accumulated regarding the effects of galectin-1 on T-cell 
fate, limited information is available on how galectin-1 may impact on B lymphocytes. A pioneer 
study by Gauthier et al. demonstrated that galectin-1 expressed by stromal cells acts as a ligand of 
the pre-B-cell receptor (BCR) implicated in synapse formation between pre-B and stromal cells [73]. 
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The authors found that pre-BCR binding to stromal cells depends upon Gal-1 anchoring to glycosylated 
counterreceptors and these complexes relocalize at the contact zone to form the immunological 
synapse [73]. The authors recently extended their fi ndings showing that α4β1 (VLA-4), α5β1 
(VLA-5), and α4β7 integrins are the major receptors for galectin-1 during pre-BCR relocalization, 
activation, and signalling [74]. Thus, galectin-1 is critical during B-cell progenitor development in 
the bone marrow compartment. At the peripheral level, a signifi cant increase in galectin-1 expres-
sion was found in stimulated B cells receiving signals via cross-linking of the BCR and CD40 [14]. 
Interestingly, no changes in B-cell survival were found following exposure of galectin-1 in vitro 
independently of the activation state of these cells [14]. In search for genes differentially transcribed 
in anergic B cells, Clark et al. recently found, using representational difference analysis (RDA), that 
galectins-1 and -3 are signifi cantly overexpressed in anergic B cells tolerized by self-antigens. These 
fi ndings prompt further exploration of the role for galectins as regulator of B-cell tolerance and 
homeostasis [75].

Regarding other members of the galectin family, we have provided evidence that galectin-3 is a 
critical mediator of B-cell differentiation and survival [76]. Antisense-mediated blockade of intrac-
ellular galectin-3 abrogated IL-4-induced survival of activated B cells, favoring the differentiation 
toward antibody-secreting plasma cells. Furthermore, B cells with restrained galectin-3 expression 
failed to downregulate the Blimp-1 transcription factor (which is critical for the plasma cell path-
way) after IL-4 stimulation [76]. Finally, inhibition of galectin-3 in vivo skewed the balance toward 
plasma cell differentiation, antibody secretion, and parasite clearance during intracellular parasite 
infection [76]. Taken together, these data indicate that galectins can also modulate B-cell maturation 
and differentiation both at the central and peripheral immune compartments.

27.4  IMPACT OF GALECTINS IN THE PHYSIOLOGY OF MONOCYTES, 
MACROPHAGES, AND DENDRITIC CELLS

The decision between activation or tolerance within the monocyte and macrophage compartment is 
determined by different stimuli which may act in concert to induce fi ve different states of macro-
phage activation: (1) “innate activation,” which is induced by microbial products that are recognized 
by pattern recognition receptors and is responsible for the production of proinfl ammatory cytokines; 
(2) “humoral activation,” which is triggered by cross-linking of Fc and complement receptors and is 
critical for functions such as phagocytosis and secretion of pro- and anti-infl ammatory cytokines; 
(3) “classical activation,” which is typically mediated by the priming stimulus IFN-γ and is critical 
for the microbicidal activity of macrophages and DTH responses; (4) “alternative activation,” which 
is triggered by IL-4 and IL-13, induces arginase expression, and determines the generation of Th2 
responses; and (5) “deactivation,” which is triggered by anti-infl ammatory cytokines and uptake of 
apoptotic cells and results in MHC-II downregulation and secretion of high levels of IL-10, TGF-β, 
and PGE2 [77].

Previous results from our laboratory showed that galectin-1, similarly to Th2 and Th3 cyto-
kines, inhibits nitric oxide synthesis, favoring instead the expression of arginase (the alternative 
metabolic pathway of l-arginine) in activated peritoneal macrophages [78]. Recently, we have 
shown that galectin-1 can differentially regulate the expression and function of critical regulatory 
molecules (i.e., FcγRI and MHC-II) on human monocytes and mouse macrophages through a 
nonapoptotic ERK1/2-mediated pathway [79]. This effect was clearly observed in macrophages 
recruited in response to infl ammatory stimuli following treatment with recombinant galectin-1 
and further confi rmed in galectin-1-defi cient (gal-1−/−) mice [79]. This result, together with our 
previous observations that galectin-1 favors arginase activity [78], suggests that this endogenous 
lectin might promote a state of “alternative activation” or “deactivation” in elicited macrophages. 
Consistently, we found in a model of T. cruzi infection that galectin-1 induces a biphasic modula-
tion of parasite replication in peritoneal macrophages isolated from infected mice [80]. While low 
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doses of galectin-1 increased parasite replication and favors IL-10 production (favoring a state of 
“deactivation” or “alternative activation”), high doses of galectin-1 decreased the number of intra-
cellular amastigotes [65]. On the other hand, other studies suggested that galectin-2 can regulate 
lymphotoxin-α secretion, which positively affects the degree of macrophage-induced infl amma-
tion during myocardial infarction [81].

Regarding the impact of galectin-3 in monocyte and macrophage functions, Liu’s group made a 
major contribution. In a pioneer work, they showed that targeted disruption of the galectin-3 gene 
results in attenuated peritoneal infl ammatory infi ltrates [82]. In addition, the authors showed that 
peritoneal macrophages from galectin-3-defi cient mice were more prone to undergo apoptosis than 
those from galectin-3-suffi cient mice [82]. More recently, the same group reported a critical role for 
galectin-3 in phagocytosis by macrophages, as galectin-3-defi cient cells exhibited reduced phago-
cytic capacity [83]. In addition, they demonstrated that galectin-3 promotes chemotaxis of human 
monocytes through a Pertussis toxin-sensitive G-protein-mediated pathway [84]. Furthermore, Ber-
nardes et al. reported the presence of a signifi cantly reduced number of infi ltrating macrophages 
following infection of galectin-3-defi cient mice with the Toxoplasma gondii protozoan parasite [85]. 
Therefore, it seems apparent that galectin-3 plays a critical proinfl ammatory role within the mono-
cyte/macrophage compartment.

Recent evidence also indicates that macrophages differently sense the fungi Candida albi-
cans and Saccharomyces cerevisiae through a mechanism involving Toll-like receptor (TLR)-2 
and galectin-3 [86]. Thus, it seems that galectin-3 serves as a receptor for different bacteria, 
fungi and parasites as has also been demonstrated for Leishmania major [87] and Neisseria 
gonorrhoeae [88].

Concerning the impact of galectins in dendritic cell function, Lee’s group reported the ability of 
galectin-1 to augment the secretion of proinfl ammatory cytokines and to infl uence dendritic cell 
migration through the ECM [89,90]. On the other hand, it has been demonstrated that dendritic cells 
engineered to overexpress galectin-1 are highly activated; these transgenic cells can stimulate naive 
T cells and induce apoptosis of activated T cells [91], consistent with fi ndings described in previous 
sections. In addition, Hirashima’s group has been demonstrated that galectin-9 promotes the matura-
tion of monocyte-derived dendritic cells at similar levels as lipopolysaccharides [92], and Kiss’ 
group showed that galectin-3 is upregulated in dendritic cells following T. cruzi infection, with criti-
cal implications for adhesion and migration of these cells [93].

27.5  ROLE OF GALECTINS IN NEUTROPHIL-MEDIATED 
INFLAMMATORY RESPONSES

The acute infl ammatory response involves the release of soluble proinfl ammatory mediators, but is 
self-limiting and is resolved through the release of endogenous anti-infl ammatory products and the 
clearance of infl ammatory cells. Galectin-1 has been shown to attenuate the acute infl ammatory 
response [94,95]. We have shown that galectin-1 ameliorates phospholipase A2-induced edema and 
blocks neutrophil extravasation in vivo [95]. In addition, La et al. found that galectin-1 inhibits 
transendothelial migration and chemotaxis of neutrophils [94]. Furthermore, Stowell et al. reported 
that galectins-1, -2, and -4 can induce phosphatidylserine exposure in activated human neutrophils 
without affecting their survival [41].

In contrast, galectin-3 has been shown to act in most cases as a “proinfl ammatory cytokine.” 
Galectin-3 null mutant mice exhibit an attenuated infl ammatory response after intraperitoneal 
injection of thioglycollate, and have signifi cantly reduced recovery of granulocytes compared to 
wild-type animals [82,96]. Interestingly, Karlsson and colleagues showed that both galectin-1 and 
galectin-3 are able to activate NADPH oxidase in primed neutrophils [97,98]. Furthermore, galec-
tin-3 induces neutrophil adhesion to laminin [99] and to endothelial cells [100] and promotes IL-8 
secretion [101], suggesting a critical role for this protein in the initiation of innate immune 
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responses. In this context, it has been recently shown that galectin-3 acts in concert with soluble 
fi brinogen to regulate neutrophil activation, degranulation, and survival through alternative activa-
tion of mitogen-activated protein kinases (ERK1/2 or p38)-mediated pathways [102]. In addition, 
a recent study reports a fi ne regulation of galectin-1 and galectin-3 expression during the early and 
late phases of infl ammation in a model of rat peritonitis [103]. Furthermore, recent studies shed 
light to the only immunoregulatory role for galectin-8 reported to date, which involves the positive 
regulation of neutrophil functions associated to microbial killing including chemotaxis and transen-
dothelial migration [104]. Further studies are warranted to dissect the precise role of individual 
members of the galectin family in neutrophil-mediated immune functions and the regulation of the 
infl ammatory response.

27.6 ROLE OF GALECTINS IN EOSINOPHIL AND MAST CELL FUNCTIONS

Eosinophils, basophils, and mast cells are key effectors during Th2-mediated allergic reactions. 
Scarce information is available on how galectins regulate cells involved in allergic reactions. In 
this regard, galectin-3 has been shown to downregulate IL-5 (an archetypal Th2 cytokine) on 
eosinophilic cell lines [69] and galectin-1 has been shown to inhibit eosinophil migration 
in vitro [105].

Interestingly, galectin-9 has been identifi ed as a potent eosinophil-specifi c chemoattractant 
(so-called ecalectin) and a potent eosinophil-activating factor [106]. Later, Hirashima’s group asso-
ciated galectin-9 with the control of eosinophil apoptosis [107], suggesting that galectin-9 may serve 
as a differential regulator of the survival, chemotaxis, and maturation of eosinophils and other 
immune cell types.

Morevoer, Zuberi et al. studied the effects of galectin-3 in basophils and mast-cell activation 
in vitro. The authors concluded that this lectin has the potential to activate and degranulate these 
cells, culminating in augmentation of an infl ammatory response [108,109]. Conversely, in a model 
of acute infl ammation, galectin-1 treatment inhibited degranulation of tissue mast cells [96].

27.7  EXPERIMENTAL MODELS USED TO EXPLORE THE ROLE 
OF GALECTINS IN VIVO

27.7.1  GALECTINS IN THE REGULATION OF Th1-MEDIATED AUTOIMMUNITY 
AND CHRONIC INFLAMMATION

Galectin-1, a prototype member of the galectin family, has been proposed to be, in general, a nega-
tive regulator of the immune response [5]. Early in the 1980s, Levi et al. reported the preventive and 
therapeutic effects of electrolectin, a galectin-1 homolog purifi ed from the fi sh Electrophorus elec-
tricus, in an experimental model of autoimmune myasthenia gravis in rabbits [110]. Since then, the 
anti-infl ammatory properties of galectin-1 have been evaluated in several models of chronic infl am-
mation and autoimmunity including experimental autoimmune encephalomyelitis (EAE) [111], 
collagen-induced arthritis [64], hapten-induced colitis [67], interphotoreceptor-binding protein-
induced uveitis [68], concanavalin A-induced hepatitis [112], nephrotoxic serum nephritis [113], 
and autoimmune diabetes [63].

In 1990, Offner et al. demonstrated that galectin-1 prevented the development of clinical and 
histopathological signs of experimental autoimmune EAE in Lewis rats [111]. Although the mecha-
nisms of action of galectin-1 were not investigated in this study, the authors proposed that galectin-1 
might block the sensitization and activation of encephalitogenic T cells [111].

In 1999, our group demonstrated that a single cell injection of syngeneic fi broblasts engineered 
to secrete galectin-1 at the day of the disease onset abrogated clinical and histopathological mani-
festations of collagen type-II induced arthritis (CIA), an experimental model of rheumatoid arthritis 
in DBA/1 mice [64]. This effect was also observed in response to daily injection of recombinant 
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galectin-1. Insights into the mechanisms involved in this process revealed a critical role for galec-
tin-1 in shifting the balance from a Th1- toward a Th2-polarized immune response as refl ected by 
reduced levels of IFN-γ and increased levels of IL-5 in draining lymph nodes from galectin-1-treated 
mice. In addition, sera from galectin-1-treated mice showed reduced levels of anticollagen type II 
IgG2a and increased levels of anticollagen type II IgG1 antibodies. In addition, lymph node cells 
from mice engaged in the galectin-1 gene therapy protocol had increased susceptibility to antigen-
induced apoptosis [64].

Similarly, Santucci et al. found that galectin-1 treatment prevented liver injury and T-helper cell 
liver infi ltration in a model of concanavalin A-induced hepatitis [112]. The authors demonstrated the 
protective effects of galectin-1 in this model and confi rmed that galectin-1 acts in vivo by promoting 
selective elimination of antigen-activated T cells [66].

The preventive and therapeutic effects of galectin-1 have also been demonstrated in the hapten 
model of infl ammatory bowel disease induced by intrarectal delivery of 2,4,6-trinitrobenzene sulfo-
nic acid (TNBS). Here, galectin-1 treatment induced a reduction in the number of antigen-activated 
mucosal T cells and a decreased secretion of proinfl ammatory and Th1 cytokines [67].

Given the potential role of galectin-1 in the maintenance of immune privilege in organs such as 
the eye (similar to TGF-β, IL-10, or Fas ligand), we have also investigated the immunoregulatory 
effects of this protein in experimental autoimmune uveitis (EAU), a Th1-mediated model of retinal 
disease [68]. Treatment with galectin-1 either early or late during the course of EAU was suffi cient 
to suppress clinical ocular pathology and to counteract pathogenic Th1 cells. Administration of 
galectin-1 ameliorated retinal infl ammation by skewing the uveitogenic response toward nonpatho-
genic Th2- or T-regulatory-mediated anti-infl ammatory responses [68]. These results highlight the 
ability of this endogenous lectin to counteract Th1-mediated responses through different, but poten-
tially overlapping anti-infl ammatory mechanisms. In addition, we found a striking correlation 
between the levels of antiretinal galectin-1 autoantibodies in sera from uveitic patients and the severity 
of autoimmune retinal infl ammation [114].

Regarding the immunosuppressive activity of galectin-1 in a transplantation setting, Baum et al. 
investigated the effi cacy of galectin-1 treatment in a murine model of graft versus host disease 
(GVHD) and found that 68% of galectin-1-treated mice survived compared to 3% of vehicle-treated 
mice [62]. Similar to fi ndings in autoimmune models, Th1 cytokines were markedly reduced, while 
production of Th2 cytokines was similar between galectin-1-treated and control animals [62].

In addition, recent evidence indicates that dendritic cells engineered to overexpress galectin-1 
can delay the onset of autoimmune diabetes and insulitis when targeted to infl ammatory sites [63]. 
Interestingly, this therapeutic effect was accompanied by increased percentage of apoptotic 
T cells and reduced number of IFN-γ-secreting CD4+ T cells in pancreatic lymph nodes [63]. 
Thus, galectin-1 can restore immune cell tolerance in several autoimmune settings by acting as an 
anti-infl ammatory and immunoregulatory cytokine. From a therapeutic standpoint, these fi ndings 
suggest the potential use of galectin-1 for the selective treatment of Th1-mediated infl ammatory 
disorders.

While these fi ndings suggest a pivotal role for galectin-1 in the maintenance and reestablishment 
of T-cell tolerance and homeostasis, targeted disruption of the galectin-1 gene in null mutant mice 
resulted in the absence of major spontaneous abnormalities, suggesting potential redundancy 
between different members of the galectin family [2,7]. However, in contrast to these previous 
assumptions, recent work clearly indicates that galectin family members are not redundant and that 
there are subtle, but functionally relevant differences in the specifi city and function of individual 
members of the galectin family in the regulation of infl ammatory responses [2,7,79,115]. In this 
regard, a study published by Tsuchiyama et al. showed that administration of different members of 
the galectin family (galectins-1, -3, and -9) have different effects in the regulation of the infl amma-
tory response in a model of nephrotoxic serum nephritis in Wistar Kyoto rats [113]. Additionally, 
recent evidence indicates that galectin-9 may inhibit glomerular hypertrophy in db/db diabetic mice 
via inhibition of cyclin-dependent kinase inhibitors [116].
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27.7.2 GALECTINS IN THE REGULATION OF Th2-MEDIATED ALLERGIC DISORDERS

The observation that galectin-3 inhibits IL-5 production in eosinophils and T cells prompted Lopez 
et al. to investigate the potential therapeutic role of galectin-3 gene therapy in a model of chronic 
airway infl ammation [117]. The authors found that intranasal instillation of a plasmid encoding 
galectin-3 resulted in an improvement of clinical and immunological manifestations of chronic 
airway infl ammation, including normalization of the eosinophil count and attenuation of hyper-
responsiveness to methacholine [117]. This result suggested a role for galectin-3 in counteracting 
allergic Th2 responses in vivo. However, another study indicated that galectin-3-defi cient mice 
develop higher Th1 responses in a model of airway infl ammation [118]. In fact, Liu and colleagues 
showed that galectin-3-defi cient mice developed signifi cantly less airway hyper-responsiveness and 
increased levels of Th1-mediated reactions following antigenic challenge in a murine model of 
asthma [118]. The discrepancies between these two studies might be possibly explained by the dif-
ferent strategies used by the authors to evaluate the role of galectin-3 in vivo (i.e., gal-3 gene therapy 
vs. induction of allergic infl ammation in gal-3 defi cient mice).

27.7.3 GALECTINS IN TUMOR IMMUNITY

A growing body of experimental evidence suggests that tumors have acquired several strategies 
to evade immune response and thus behave as immune privileged sites [119]. Interestingly, 
expression of galectin-1 (as well as other galectins) in cancer cells and cancer-associated stroma 
positively correlates with the aggressiveness of different tumor types [120]. This suggests that 
secretion of galectin-1 by tumor cells may be a mechanism by which immunosuppressive 
microenvironments can be created at tumor sites. This hypothesis was investigated using com-
bined in vitro and in vivo strategies, demonstrating the role of galectin-1 in tumor-induced 
immunosuppression and tumor-immune escape [65]. Blockade of the immunosuppressive and 
proapoptotic activity of galectin-1 within tumor tissue resulted in heightened T-cell-mediated 
tumor rejection with increased survival of IFN-γ-producing Th1 cells [65]. Supporting these 
fi ndings, Le and colleagues [121] have recently identifi ed galectin-1 as a molecular link between 
tumour hypoxia and tumor-immune privilege. The authors found a strong inverse correlation 
between galectin-1 expression and the presence of T cells in human tumour sections corre-
sponding to head and neck squamous cell carcinoma patients [121]. In addition, it has been 
recently shown that endothelial cell expression of galectin-1 induced by prostate cancer cells 
inhibits T-cell transendothelial migration [72]. Finally, it has been recently found that immuno-
suppressive cytokines such as TGF-β1 and cytostatic drugs such as cyclophosphamide at low 
doses can modulate galectin-1 expression in tumor and immune cells [122,123]. Taken together, 
these results support the concept that galectin-1 contributes to immune privilege of tumors by 
negatively regulating the survival or migration of effector T cells or by skewing the balance 
toward a Th2-predominant cytokine milieu (Figure 27.3). Given its potent immunosuppressive 
effects, galectin-1 may be a useful target for therapeutic intervention in cancer. Since galec-
tins-2, -3, -4, and -9 also regulate T-cell responses, future studies are warranted to investigate 
the potential role of these proteins in tumor immunity.

27.8 CONCLUSION AND FUTURE DIRECTIONS

As illustrated in this chapter, galectins can modulate a plethora of immune responses by acting intra-
cellularly and extracellularly, as chemokines, cytokines, growth factors, death triggers, and survival 
inducers. Under distinct physiological or pathological conditions, different members of the galectin 
family may provide inhibitory or stimulatory signals to control immune cell homeostasis and regu-
late infl ammation following an antigenic challenge. However, like many other cytokines and growth 
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factors (e.g., TGF-β), galectins may exhibit a “double-edged sword” effect depending on many 
 different intrinsic factors such as the physicochemical properties of the isolated protein (monomer/
dimer equilibrium), its stability in culture, its concentration and oxidation state, and other extrinsic 
factors such as the target cell type and the general context or microenvironment.

The mechanisms underlying galectin-mediated regulation of cytokine production and the asso-
ciation of this effect with the regulation of T-cell survival, migration, and differentiation still remains 
to be elucidated. Further studies are warranted to investigate the kinetics of galectin expression in 
different immune cell types and the potential overlapping in galectin functions throughout the devel-
opment of an ongoing immune response.

Given the broad spectrum of immunoregulatory effects in autoimmune diseases, infl ammatory 
processes, and cancer, galectins have been postulated as candidates for the design of novel anti-
infl ammatory drugs [124] and as targets for anticancer therapies [125]. However, before galectin-
based therapeutic agents can be fully realized, a more thorough understanding of the lesser studied 
galectins and the mechanisms involved in their different immunoregulatory functions is required. To 
what extent is there functional redundancy and specifi city of action within the galectin family? What 
is the precise explanation of the different functions exerted by the similar galectins in different envir-
onmental contexts? What are the precise mechanisms involved in the anti-infl ammatory and immu-
noregulatory effects of different members of the galectin family? What are the levels of galectins 
attained in vivo during an infl ammatory reaction, infectious process or tumor dissemination? 
Increased understanding of the role of galectins in immunoregulation, infl ammation, and cancer 
should provide more insights into how the regulation of galectin expression and activity can be 
exploited for therapeutic purposes.
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28.1 INTRODUCTION

It seems fi tting that the scientists credited for the discovery of the fi rst vertebrate “galectin” also 
described its fi rst and most impressive effects on leukocytes. Levi and Tiechburg demonstrated 
that prophylactic administration of “electrolectin” (equivalent to galectin-1 of the electric organ 
tissue of Electrophorus electricus [1]) prevented the formation of experimentally induced myas-
thenia gravis [2]. Several years later, Offner et al. demonstrated that human galectin-1 (Gal-1) 
also suppressed the clinical signs and pathology associated with experimental autoimmune 
encephalomyelitis (EAE) in rats [3], suggesting a broad immunosuppressive spectrum for Gal-1. 
Interestingly, both of these authors attributed the immunomodulatory effects of Gal-1 to suppressor 
T cells [2–4]. However, suppressor T cells quickly fell out of vogue [5], requiring an alternative 
explanation for the potent immunosuppressive activities of Gal-1. In 1995, Baum and colleagues 
suggested that Gal-1 reduced immune responses by directly inducing apoptotic cell death in 
activated, but not resting, T cells [6].
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Following this report by Baum and colleagues [6], signifi cant work on galectins focused on the 
proapoptotic potential of galectin family members toward different leukocytes. However, other studies 
also described apoptosis-independent activities of various galectin family members in the regulation 
of both innate and adaptive immune responses. Taken together, these studies suggest that the galectin 
family of β-galactoside proteins, which includes over a dozen vertebrate members, possess a wide 
variety of activities and likely regulates many aspects of immunity. We will begin our evaluation of 
the effects of galectins on leukocytes by fi rst describing known functions of galectin family 
members in aspects of innate immunity.

28.2 INNATE IMMUNITY

Innate immunity is the constitutive immunity that is not inducible to specifi c antigens and does not 
require prior sensitization, via an antigen from, for example, an infection or vaccination and is in 
contrast to acquired or adaptive immunity. Since specifi c antigens do not stimulate it, innate immunity 
is generally nonspecifi c and immediate in action. A key feature of the innate immune response is the 
involvement of antimicrobial proteins and peptides, chemokines, Toll-like receptors, and glycan-
binding proteins, including Ca2+-dependent (C-type) lectins and galectins that recognize specifi c 
glycans on invading pathogens and on host glycoconjugates. The major cells important in innate 
immune responses include myeloid and lymphoid dendritic cells (DC), macrophages, mast cells, 
natural killer cells, gamma/delta T cells, and B-1 cells. Many if not all of these cells express various 
members of the galectin family and some of these galectins have been shown to have activities 
related to innate immune responses. This aspect of the review focuses on Gal-1, -2, -3, -4, -8, -9, -10, 
and -14, since little is known about the roles of the other galectins in innate immunity. A summary 
of many of the activities for galectins in both innate and adaptive immune responses are shown in 
Table 28.1.

28.2.1 GALECTIN-1

Gal-1 suppresses several aspects of innate immune function. For example, administration of human 
Gal-1 attenuates leukocyte extravasation, blocks IL-1β induced neutrophil migration in vivo in the 
mouse peritoneal cavity, and IL-8 induced chemotaxis of neutrophils in vitro [7]. Such results suggest 
a role for Gal-1 in blocking leukocyte, and in particular neutrophil, recruitment into infl amed tissue. 
Similarly, Gal-1 treatment also reduces neutrophil and mast-cell infi ltration following carrageenin-
induced rat peritonitis [8]. However, chemotaxis inhibition appears not only to apply to neutrophils, 
because Gal-1 also reduces eosinophil migration in nasal polyps [9]. Inhibition of leukocyte migration 
may protect viable cells from the potential harmful effects of innate immune cells once activated.

In addition to inhibiting chemotaxis of leukocytes, Gal-1 also blocks degranulation of mast cells 
and reduces PGE2 production and arachidonic acid release from macrophages [10]. These results suggest 
that Gal-1 not only inhibits leukocyte recruitment once initiated, but also may be important in attenuating 
the signaling events prior to leukocyte infi ltration, which initiate infl ammatory events. Consistent 
with this hypothesis, Gal-1 reduces foot pad edema following phospholipase A2 injection with an 
accompanying reduction in neutrophil and mast-cell recruitment in vivo [10]. Taken together, these 
studies indicate that in certain conditions galectin-1 may exhibit anti-infl ammatory activities.

Interestingly, Gal-1 seems to also exhibit activities consistent with proinfl ammatory functions. 
For example, Gal-1 activates the NADPH-dependent respiratory burst in neutrophils in exudated or 
(formyl-Methionyl-Leucyl-Phenylalanine) fMLP-activated, but not resting, human neutrophils [11], 
implicating a potential role for Gal-1 in the initiation of neutrophil activity. Furthermore, 
transgenic overexpression of Gal-1 in murine DC increases DC activation [12], suggesting that 
Gal-1 may serve as a danger signal, activating DC following release from damaged tissue. By contrast, 
adoptive transfer of transgenic DCs delayed the onset of type I diabetes [12], suggesting that Gal-1 
may actually inhibit DC presentation and activation of naive T cells.
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Although apoptosis-independent mechanisms of neutrophil removal exist [13,14], the mechanism 
underlying these events remains enigmatic. Recently, Dias-Baruffi  and colleagues demonstrated that 
Gal-1 induces cell surface exposure of phosphatidylserine (PS) in activated, but not resting, neutro-
phils; this is a membrane scrambling event normally associated with apoptotic cell death [15–17]. 
PS serves as the primary receptor for recognition and phagocytic clearance of apoptotic cells [18]. 
Importantly, Gal-1-induced PS exposure occurs in the absence of cell death, while rendering cells 
sensitive to phagocytic removal [15–17], providing the fi rst possible mechanism whereby neutrophils 
may be signaled for removal independent of cell death [13,14]. Although the entire mechanism of 
Gal-1-induced nonapoptotic PS exposure remains to be elucidated, Gal-1-induced transient mobi-
lization of intracellular Ca2+ and exposure of PS required activation of Src kinases [16] (Figure 28.1). 
The proteins responsible for surface expression are not clear, but at least two types of membrane proteins 
may be involved—phospholipids scramblases [19] and aminophospholipid translocases [20], both of which 
are independently and oppositely regulated by intracellular Ca2+ concentrations. This signaling 

TABLE 28.1
Partial Summary of Galectin Activities and Interactions with Leukocytes

General immune functions of Galectins

Gal-1 reduces pathology associated with graft-versus-host disease, Con A-induced hepatitis, 
          experimental allergic encephalomyelitis, myasthenia gravis, and rheumatoid arthritis
Gal-1 reduces acute inflammatory responses
Gal-2 is involved in the pathogenesis of atheroma formation
Gal-3 exacerbates Th2 immune responses (asthma)

Mast cells

Gal-1 inhibits degranulation
Gal-3 induces degranulation independent
          of antigen-mediated IgE stimulation

Eosinophils

Gal-3 inhibits IL-5 
          production
Gal-9 induces

• chemotaxis
• activation
• superoxide generation
• moderate degranulation

Gal-10 (Charcot-Leyden crystal protein) is
            highly expressed; function unknown
Gal-14 expressed but function unknown

Monocytes/macrophages

Gal-3 (also called Mac-2 antigen)
• enhances phagocytosis
• enhances respiratory burst
• enhances LPS-induced  
  IL-1β secretion
• inhibits apoptosis (intracellularly)

B cells

Gal-3 blocks IL-4 induced survival of activated B cells
• favors plasma cell differentiation
• exhibits an antiapoptotic role in 
  B-cell lymphomas

Dendritic cells

Gal-1 and Gal-9 induce maturation
Gal-3 expression by T. cruzi infection

Endothelium

Gal-3 enhances pro-inflammatory cytokine release
Gal-1 expression upregulated by activation
Gal-3 expression upregulated in tumor endothelial cells
Gal-9 expression induced by virus infection

Neutrophils
Gal-1 induces apoptosis-independent PS exposure (Ca2+-dependent)
(preaparesis)

• inhibits chemotaxis
• inhibits extravasation
• activates NADPH-dependent 
  respiratory burst

Gal-3 induces chemotaxis
• enhances extravasation
• activates NADPH-dependent 
  respiratory burst
• induces neutrophil activation
• induces release of IL-8
• mediates interaction with laminin and fibronectin 
  (both directly and indirectly)
• enhances leukocyte adhesion to endothelium

Gal-2 induces apoptosis-independent PS exposure (Ca2+-dependent)
Gal-4 induces apoptosis- independent PS exposure (Ca2+-independent)
Gal-8 activates NADPH dependent respiratory burst

• modulates integrin-mediated neutrophil adhesion

Thymocytes/T cells

Gal-1 involved in Treg effector function
• conflicting results on effects on viability
• mediates adhesion of thymocytes to thymic epithelium
• induces apoptosis in CD4+CD8+double-positive 
  thymocytes (DTT present)
• induces shift in TH1 response to TH2 
  (decreases IFNγ: increases IL-5)
• reduces TNFα, IL-1β, IL-12, IL-2 and IFNγ
• enhances Treg formation
• increases IL-10 production in both naive and activated T cells

Gal-2 induces T cell apoptosis (DTT present)
• decreases IFNγ and TNFα while increasing IL-10 and IL-5

Gal-3 blocks apoptosis when overexpressed intracellularly
• conflicting results on the effects of endogenous intracellular 
  involvement in viability
• conflicting reports on the effects of extracellular effects on viability
• promotes adhesion of thymocytes to thymic epithelium
• enhances Th2 immune responses
• enhances adhesion of niave T cells to DCs
• binds TCR, reducing TCR-mediated T cell activation

Gal-4 induces IL-6 production
Gal-8 activates Rac-1
Gal-9 induces apoptosis in thymocytes and T cells

• induces selective loss of CD4+Th1 cells
• induces selective loss of CD8+T cells

Gal-10 involved in Treg effector function
Gal-11 involved in Treg effector function
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pathway appears to be unique to galectins and represents one of the best defi ned signaling cascades 
known for galectins in leukocytes independently of cell death.

The unique ability of galectins to signal PS exposure in living cells challenges current models of 
cell turnover and removal, which invoke only cellular apoptosis and necrosis. Galectin-induced cell 
removal could occur independently of cell death through the phagocytosis of living cells. We propose 
that this process be termed “preaparesis” (from the Latin term preaparare), signifying that it prepares 
cells for phagocytic removal by causing PS exposure without accompanying apoptosis [20b].

28.2.2 GALECTIN-2

Gal-2 shares the greatest degree of homology to Gal-1 [21]. Similar to Gal-1, Gal-2 induces 
apoptosis-independent PS exposure in activated neutrophils [17]. Gal-2 also induces Ca2+ fl ux in 
both resting and activated neutrophils, similar to that previously reported for Gal-1 [16,17], suggesting 
they may signal through identical counter receptors or at least convergent pathways.

An Escherichia coli two-hybrid system coupled with phage display identifi ed Gal-2 as a putative 
ligand for lymphotoxin α (LT α) [22]. LT α is a member of the TNFα cytokine family and is poten-
tially involved in leukocyte activation and the pathogenesis of atherosclerosis [23]. Decreased Gal-2 

fMLP

fMLP receptor
Galectin receptor
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Scramblase?
Phospholipid
translocase?

Src
kinaseG protein

Cytosol PI4,5P2

Ins(1,4,5)P3

Ins(1,4,5)P3

DAG
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Endoplasmic
reticulum Ca2+
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PKCδ
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FIGURE 28.1 (See color insert following blank page 170. Also see CD for color fi gure.) Model of 
dGal-1 signaling in fMLP-activated neutrophils for cell surface exposure of PS. Following activation of neu-
trophils through the fMLP receptor, Ca2+ is released from intracellular stores through G-protein-coupled, 
PLCβ-induced cleavage of PI4,5P2 to Ins(1,4,5)P3 and DAG. Independently, the binding of dimeric dGal-1 (or 
possibly other divalent galectins) to a cell-surface glycoprotein receptor activates Src kinases, with subse-
quent activation of PLCγ, release of additional Ins(1,4,5)P3 and DAG, and a second transient rise in cytosolic 
Ca2+. The dual transient rises in cytosolic Ca2+ are necessary but not suffi cient to redistribute PS to the cell 
surface. The IP3-mediated release of Ca2+ opens plasma membrane ion channels, but extracellular Ca2+ is not 
required to mobilize PS to the cell surface. The DAG may activate PKCδ, which may contribute to PS exposure 
by activating a phospholipid scramblase and aminophospholipid translocase. The dashed arrows represent 
pathways for which signaling intermediates and/or experimental evidence remain incomplete. (From Karma-
kar, S., Cummings, R. D., and McEver, R. P., J. Biol. Chem., 280, 28623, 2005.)
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expression correlates with concomitant decreases in LT α secretion, suggesting a possible function for 
this interaction in LT α secretory regulation [22]. A 3279 C-T polymorphism in the fi rst intron of Gal-2 
reduces expression of Gal-2 and increases susceptibility to myocardial infarction (MI) [22] in a 
Japanese population. However, it is unclear why reduced Gal-2 expression and therefore LT α secretion 
would put individuals at greater risk for MI. Furthermore, an analogous study examining a British 
population found no correlation between this polymorphism and risk for MI [24]. By contrast, another 
study suggests that the 3279 polymorphism actually conveys a decreased risk for MI [25]. Although 
additional genetic studies seeking to further establish this linkage have been conducted [26], studies to 
date have not defi ned the biochemical or cellular association between LT α and Gal-2.

28.2.3 GALECTIN-3

In contrast to the putative anti-infl ammatory effects of Gal-1 on innate immunity, many studies sug-
gest that Gal-3 activates innate immune function at several levels. For example, Gal-3 is also known 
as the Mac-2 antigen [27] and is present on thioglycollate-elicited and activated macrophages [28]. 
Gal-3 recognizes both IgE [29,30] and the high-affi nity IgE receptor (FcεRI) [31] on the surface of 
mast cells. Binding and presumably cross-linking of FcεRI by Gal-3 induces degranulation [31], 
releasing potent proinfl ammatory constituents such as histamine [32]. In addition, early studies also 
demonstrated that blocking antibodies against Gal-3 attenuated IgE-mediated killing of parasites, 
suggesting a possible role in IgE effector functions [33]. Gal-3 null mast cells also exhibit impaired 
degranulation [34]. Because Gal-3 is expressed in nearly every tissue examined [35], release of 
Gal-3 from damaged tissue may trigger mast-cell degranulation independently of antigen, allowing 
immune system activation. In this way, Gal-3 may serve as a danger signal, signifying tissue damage 
and destruction, as suggested by others [36].

Besides activating mast cells, Gal-3 also exhibits activating effects on other key players involved 
in early immunity. Gal-3 induces respiratory burst in neutrophils [37,38] and monocytes [39], 
increasing the microbialcidal activity of these cells [40]. Gal-3 also accentuates lipopolysaccharide 
(LPS)-induced IL-1 secretion [41], a key cytokine responsible for activating endothelial cells, fever 
response, and inducing the expression of other proinfl ammatory mediators [42,43], further suggest-
ing that Gal-3 also induces early steps in innate immune activation.

Gal-3 also induces neutrophil activation and preformed IL-8 secretion [41] and enhances phago-
cytic activity in both neutrophils [44] and macrophages [45], and exhibits chemotactic activity 
toward monocytes [46]. Interestingly, IL-8 itself induces chemotaxis of neutrophils, allowing a 
“trail” to be left for others to follow [47]. Gal-3 also has adhesion-promoting activity toward leuko-
cyte in their interactions with extracellular matrix (ECM) components, such as laminin and fi bronec-
tin, through direct and indirect mechanisms [48]. This provides at least one possible mechanism 
whereby enhancement of chemotaxis may occur [46]. Gal-3 null mice exhibit increased macrophage 
apoptosis [49], and impaired macrophage phagocytosis [45], further suggesting a role for Gal-3 in 
the regulation of macrophage function, survival, and recruitment. Release of Gal-3 from damaged 
tissue or through some stimulated export system may, therefore, not only serve to activate innate 
immune responses to the presence of danger, but also direct phagocytes, in a concentration-depen-
dent manner, toward areas where the greatest danger exists.

Gal-3 may not only indirectly activate the endothelium, increasing the extravasation of leuko-
cytes through inducing cytokine release [31,41], but may also directly interact with leukocytes by 
serving as adhesion molecule in extravasation of neutrophils, as observed during streptococcal 
pneumonia [50] and monocyte movement into xenograph-transplanted tissue [51]. This latter activ-
ity primarily occurs through recognition of α-Gal-containing glycoconjugates [51]. However, 
although addition of recombinant Gal-3 enhances neutrophil adhesion to endothelial cells [50], it 
remains to be determined whether endogenous Gal-3, possibly upregulated during endothelial acti-
vation [35], may mediate these interactions. Furthermore, although haptens completely inhibit Gal-3 
interaction with endothelial cells, no studies to date demonstrate that similar haptens inhibit extravasation 
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in vivo or in vivo. Consistent with the possibility that Gal-3 may be directly involved in extravasation, 
Gal-3 null mice exhibit attenuated leukocyte infi ltration [49,52]. However, whether reduced leukocyte 
infl ux in these mice refl ects lack of direct interaction with leukocytes or reduced release of endothelial 
activating cytokines induced by Gal-3 [31,41] remains to be determined.

Most proinfl ammatory roles for Gal-3 require the full-length protein [38,46,48,50,53,54]. 
Removal of the N-terminal domain, responsible for oligomerization of the protein [55], pre-
vents many of these biological activities of Gal-3 [38,46,48,50,53,54]. Interestingly, activated 
neutrophils cleave the N-terminal domain of Gal-3 [53]. Furthermore, Leishmania major also 
cleaves the N-terminal domain of Gal-3, suggesting a possible mechanism of immune escape 
[56]. Cleavage and therefore generation of either the nonfunctional C terminal domain or even 
a product with the potential to provide direct negative feedback provides one plausible homeostatic 
mechanism for reducing proinfl ammatory effects of Gal-3. Consistent with this, the C-terminal 
domain of Gal-3, which has no carbohydrate-binding activity, actually inhibits monocyte 
chemotaxis [46]. Furthermore, differential activities of full-length Gal-3 toward cells may also 
result from unique and functional distinct oligomeric complexes formed on the surface of leukocytes 
[57,58]. This could allow Gal-3 to exhibit differential effects depending on the activation state 
and microenvironment of the target cell.

Gal-3 expression increases during differentiation of promyelocytic HL60 toward monocytes, 
suggesting a role in myeloid differentiation [59]. Gal-3 expression and surface association also 
increases upon monocyte activation in vitro [39], suggesting that Gal-3 may not only regulate immunity 
but also immune cell development and maturation. However, as these expression levels refl ect 
correlative association, the requirements for Gal-3 during leukocyte development and maturation 
remain to be determined. Furthermore, it should be noted that in Gal-3 null mice there does not 
appear to be any alteration in leukocyte maturation or cell numbers in homeostasis.

28.2.4 GALECTIN-4

Only one study has examined potential involvement of Gal-4 in innate immunity. Similar to Gal-1 
and Gal-2, Gal-4 also induces nonapoptotic PS exposure in activated neutrophils. However, unlike 
Gal-1 and Gal-2 [15–17], Gal-4-induced PS exposure occurs independent of intracellular Ca2+ mobi-
lization [17], indicating that at least two pathways exist whereby galectin family members may 
modulate the turnover of neutrophils independent of apoptosis. Furthermore, cells exhibited 
increased sensitivity to Gal-4 when compared to Gal-1 and Gal-2, possibly due to the tandem repeat 
nature of this galectin [17].

28.2.5 GALECTIN-8

Several studies suggest that Gal-8, like Gal-3, may accentuate innate immune functions. For exam-
ple, Gal-8 induces superoxide production in activated neutrophils [60], possibly through interactions 
with α  M integrin. Gal-8 also accentuates the ability of matrix metalloproteinase 3 (MMP-3) to 
cleave MMP-9, a protease involved in the cleavage of ECM components, suggesting that Gal-8 may 
facilitate neutrophil migration through ECM [60].

28.2.6 GALECTIN-9

Many studies implicate Gal-9 as a key factor in eosinophil biology. Gal-9 induces chemotaxis 
of eosinophils following release from activated T cells [61,62]. In addition to inducing chemotaxis, 
Gal-9 also induces eosinophil activation, superoxide generation, and moderate degranulation 
[61,63]. HFL-1 fi broblast cells, derived from human lung tissue, exhibit increased Gal-9 expression 
and Gal-9-mediated eosinophil adhesion following IFNγ treatment, which may be important in 
retaining these cells within an infl ammatory setting [64]. While it is clear that Gal-9 induces 
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eosinophil migration, confl icting results exist concerning the effects of Gal-9 on eosinophil 
viability. While one study suggests that Gal-9 induces apoptosis in eosinophils isolated from 
normal donors while protecting eosinophils from apoptosis isolated from patients with eosino-
phillia [65], another study indicates that Gal-9 decreases eosinophil apoptosis isolated from 
normal volunteers [63]. Gal-9 also induces maturation of DCs, implicating that it, along with 
Gal-3, may initiate adaptive immune function [66]. Finally, Gal-9 expression decreases during 
HL60 cell differentiation into eosinophils and monocytes, suggesting a possible role in myeloid 
linage development [59].

28.2.7 GALECTIN-10

Gal-10, also known as Charcot-Leyden crystal protein, was fi rst identifi ed in the blood and 
spleen of postmortem specimens from a leukemia patient [67] and also later in the sputum of an 
asthmatic patient [67]. Thus, it is fair to conclude that Gal-10 was actually the fi rst galectin 
discovered, although scientists did not know it was a carbohydrate-binding protein until 1993 
when the sequence was obtained and it was noted it had similarity to members of the S-type 
lectin family (galectins) such as Mac-2 (Gal-3) and Gal-1 [68]. Interestingly, the Charcot-Leyden 
protein was originally thought to have lysophospholipase activity, but it was subsequently shown 
that the protein is not a lysophospholipase but it binds to lysophospholipase inhibitor [69]. Gal-10 
often crystallizes in patients demonstrating pronounced eosinophillia [70]. The functions of 
Gal-10 remain enigmatic. In a similar fashion to Gal-3 and Gal-9, Gal-10 expression levels change 
during myeloid development, increasing during eosinophilic differentiation of HL60 cells [59], 
although the functional relevance of this remains unclear. In addition, high expression of Gal-10 
has been observed in a duodenal biopsy specimen of the aberrant clonal T cells in a patient with 
celiac disease [71].

28.2.8 GALECTIN-14

Gal-14 was recently isolated from eosinophils [72]. Among leukocytes, Gal-14 seems to also exhibit 
the highest expression in eosinophils, suggesting a specifi c role for this protein in eosinophil func-
tion [72]. Furthermore, lung tissue expression and release of Gal-14 into alveoli signifi cantly 
increases following allergic challenge [72], also implicating the protein as having potential roles in 
immunity.

28.3 ADAPTIVE IMMUNITY

Adaptive immunity responds to a stimulating agent, such as proteins, carbohydrates, or pathogens, 
to improve recognition of the agent and after elimination of neutralization of the agent, the system 
retains immunological memory. In this way, the adaptive immune response can be faster and more 
robust to a second challenge by the agent. Thus, the adaptive immune response is distinguishable 
from the innate immune response, although they can cooperate to neutralize or eliminate chal-
lenges. A key feature of the adaptive immune response is the involvement of specialized cells, 
such as T and B cells, which have rearranged gene segments to produce antigen receptors (T-cell 
receptors [TCR] and antibodies) that allow a response to almost any type of antigen. Effector cells 
in adaptive immunity include B and T cells, and antigen-presenting cells (APC), such as DC, 
macrophages, and B cells. APCs process antigen and present them on the surface to immature or 
naive T cells, leading to mature helper T cells and mature cytotoxic or NK cells. Evidence has 
accumulated over the past 30 years that galectin interactions with cells of the adaptive immune 
system can lead to altered chemotaxis, turnover or apoptosis, and activation. This aspect of the 
chapter focuses on Gal-1, -2, -3, -4, -8, and -9, since little is known about the roles of the other 
galectin in adaptive immunity.
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28.3.1 GALECTIN-1

Following the observation by Levi and Tiechburg that prophylactic administration of Gal-1 prevented 
the onset of experimental myasthenia gravis [2], it was some years later that Offner et al. demon-
strated that Gal-1 also reduced the pathology associated with EAE [3]. Taken together, these results 
strongly implicated Gal-1 in adaptive immune regulation. However, the mechanism underlying these 
observations remained enigmatic. Baum et al. found high expression of Gal-1 in thymic epithelial 
cells [73], suggesting a potential role for Gal-1 in central tolerance. Gal-1 expressed in thymic 
epithelium mediates interactions with T leukemic MOLT-4 cells and preferentially recognizes 
cortical, immature thymocytes expressing Core 2 O-glycans [73]. Shortly thereafter, Perillo et al. 
demonstrated that Gal-1 induced apoptosis in activated T cells, several T leukemic cell lines [6], and 
immature thymocytes [74]. These results suggested that Gal-1-suppression of adaptive immune 
responses stemmed from the induction of apoptosis at central and peripheral sites.

Following the original description of the proapoptotic activity of Gal-1 toward activated T cells, 
scores of papers followed addressing this important potential activity. Subsequently, studies demon-
strated that Gal-1 preferentially induces apoptosis in CD4+CD8+ double positive thymocytes, 
although all populations exhibited a certain degree of susceptibility [75]. Gal-1-induced apoptosis in 
thymocytes likely occurred through modulation of the TCR [75]. Further studies suggested that 
Gal-1 interacts with CD45, CD43, and CD7 to induce apoptosis in T cells, possibly due to differen-
tial segregation of these ligands into macrodomains on the cell surface [76,77]. For example, segre-
gation of CD45 into separate membrane domains by Gal-1 may allow signaling events to occur 
[77,78], either through physically eliminating CD45 phosphatase activity from the active Gal-1 
receptor [77,78] or intrinsically reducing CD45 phosphatase activity [79]. However, the absolute 
requirements for CD45 were not clear [80], and other studies have shown that CD45 expression is 
not required for Gal-1 to induce apoptosis in T cells [78]. Subsequent studies demonstrated that CD7 
actually delivers Gal-1 apoptotic signals in T cells [81–83]. Ultimately, Gal-1 increases transcrip-
tional factor AP-1 and prevents activation-induced increases in the antiapoptotic factor bcl-2 [84], 
providing some insight into the intracellular consequences of Gal-1 receptor binding. Furthermore, 
Gal-1 induction of cell death appears to occur independently of caspase activation [85], although 
additional fi ndings suggest that Gal-1 does signal caspase activation [86].

Efforts to identify carbohydrate classes responsible for Gal-1-induced cell death suggested a 
requirement for Core 2 O-glycans, since it was found that susceptibility toward Gal-1-induced apop-
tosis in murine T lymphoma cell lines correlated with expression of the Core 2-β-1,6-N-
acetylglucosaminyl transferase (Core 2 GnT) [78,87]. Importantly, expression of Core 2 GnT in 
BW5147 cells, which lack expression this enzyme, made the cells susceptible to Gal-1-induced 
apoptosis [78,87]. HIV infection of T cells increases Core 2 GnT expression and susceptibility to 
Gal-1 [88]. Furthermore, haploinsuffi ciency of Core 2 GnT-I also decreases the ability of Gal-1 to 
induce apoptosis [89], corroborating these earlier fi ndings. However, in apparent contradiction to the 
conclusion that Core 2 O-glycans are required for Gal-1-induced apoptosis, treatment of activated 
human T cells with benzyl-GalNAc, an inhibitor of O-glycan synthesis, increased susceptibility to 
Gal-1 [6]. Additional studies on murine CD8+ T cells suggested that Gal-1-induced apoptosis 
occurred independently of Core 2 GnT expression [90]. In addition, T leukemic Jurkat cells, which 
lack O-glycan elongation beyond the Tn antigen GalNAcα-Ser/Thr [91], not only retain susceptibility 
to Gal-1, but require N-glycans for Gal-1-induced apoptosis [92]. The utilization of T-cell lines, 
which often accumulate unidentifi ed mutations, may in part account for these differences. For example, 
although some studies suggest that Jurkat and CEM cells fail to respond to Gal-1 [6,74], other 
studies suggest that Gal-1 induces apoptotic cell death in these cells [85,92], making it diffi cult to 
fully interpret the activity of Gal-1 toward T-cell viability in a physiological setting.

As previously described in Section 28.2 on innate immunity, Dias-Baruffi  et al. demonstrated 
that Gal-1 could induce PS exposure in activated, but not resting neutrophils [15]. That study also 
demonstrated that Gal-1 induced PS exposure in T leukemic MOLT-4 cells without inducing DNA 
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fragmentation, altering cell size, or inhibiting the rate of cell division [15]. However, these studies 
contrasted to other studies demonstrating that Gal-1 induced apoptosis in MOLT-4 cells [6,74]. 
Recent evidence suggests that differential responses to Gal-1 may be in part due to the inclusion of 
the reducing agent dithiothreitol (DTT) during treatment conditions [17]. Gal-1 loses it activity 
within a day at 37°C in the absence of reducing agents [93], so some investigators had included DTT 
during treatments of cells with galectins. In an effort to control for activity loss, the effects of Gal-1 
on T-cell viability were conducted at various concentrations of DTT, ranging from 1.1 to 3 mM 
[6,12,90,94–98]. Indeed, Gal-1 fails to alter T-cell viability in the absence of DTT [15,90]. However, 
a mutated form of Gal-1, C2S-Gal-1, which exhibits signifi cant resistance to oxidative inactivation 
[93], does not induce apoptosis in T cells [15]. Furthermore, cells incubated with Gal-1 in the pres-
ence of reduced glutathione, an alternative cell membrane impermeable reducing agent [99], also 
fails to show signs of altered viability [15]. These results show that Gal-1 signals T cells to undergo 
apoptosis under cell stress induced by the toxic actions of DTT. DTT induces the unfolded protein 
response and itself can induce apoptosis in cells [100–103]. Interestingly, a recent report demon-
strated that other transformed cell lines only become sensitive to Gal-1-induced apoptosis following 
environmental stress, such as hyperthermia, reduced CO2, serum starvation, or infection with myco-
plasm [104]. These results indicate that cells may have a Gal-1-sensitive pathway that may only be 
active during extreme cell stress. Interestingly, although Gal-1 fails to alter either PS exposure or 
viability in primary activated T cells without added DTT, it induces PS exposure in the absence of 
DTT in T leukemic MOLT-4 and CEM cell lines [15,17]. These results demonstrate the importance 
of looking at primary cells when evaluating the impact of Gal-1 on leukocyte viability. Furthermore, 
more defi nitive markers of apoptotic cell death need to be utilized when assessing whether Gal-1 
induces apoptotic cell death.

Many studies also exhibit confl icting data concerning the concentration of Gal-1 required to 
induce apoptotic cell death. For example, early studies describing a proapoptotic function for Gal-1 
demonstrated a minimal operating concentration of 10 µM or about 150 µg/mL [6], with most studies 
conducted at 20 µM [74] and no signifi cant effects observed below 5 µM [6]. Subsequent studies 
examining Gal-1-induced PS exposure in the absence of cell death demonstrated similar operating 
concentrations [15]. However, other studies have utilized more than 10-fold lower concentrations of 
Gal-1 (4 µg/mL or 0.3 µM) [84,105] and found robust responses to Gal-1.

In spite of the use of DTT during in vitro assays, many studies continue to demonstrate a potent 
immunosuppressive activity for Gal-1 in vivo. These results demonstrate that Gal-1 possesses 
potent immunosuppressive activity, although recent studies [15] suggest that apoptosis-independent 
mechanisms responsible for this immunomodulation probably exist. New studies suggest that Gal-1 
may actually modulate adaptive immune responses by altering cytokine production, shifting Th1/
Th2 balance in adaptive immune responses. For example, injection of genetically engineered 
fi broblast that secrete Gal-1 signifi cantly reduces the clinical and histopathological features associ-
ated with arthritis [105]. Interestingly, these effects were also accompanied by a shift in the adaptive 
immune response from a Th1 to a Th2 immune profi le, indicated by a reduction in IFNγ and increases 
in IL-5 [105]. Gal-1 administration, while preventing Con A-induced hepatitis, also signifi cantly 
reduced Con A-induced levels of IFNγ and TNFα [94]. Similarly, Gal-1 reduces potent Th1 cytok-
ines TNFα, IL-1β, IL-12, and IFNγ normally observed following the induction of experimental 
colitis by 2,4,6-trinitrobenzene sulfonic acid (TNBS) [95]. Gal-1 also reduced levels of IL-2 and 
IFNγ in experimental models of graft-versus-host disease (GvHD). Interestingly, increased levels of 
CD4+CD25+ regulatory T cells (Tregs) also occurred following Gal-1 treatment in GvHD, suggesting 
a possible role for regulatory T cells in the immunosuppressive activities of Gal-1. Consistent with 
this, Gal-1 induces IL-10 [98], a key cytokine involved in Treg function [106], in both naive and 
activated T cells and increases IL-10 levels in vivo in animals with experimental autoimmune uveitis 
(EAU) [107]. Adoptive transfer of Tregs from EAU mice treated with Gal-1 prevented the development 
of EAU in nontreated mice, further suggesting that Gal-1 may actually mediate its immunosuppressive 
effect through Tregs [107]. Tregs isolated from Gal-1 null mice exhibit signifi cantly compromised 
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ability to suppress [108], providing the fi rst genetic data implicating Gal-1 in T-cell function. Inter-
estingly, the possibility that Tregs may be the key players in mediating the immunosuppressive 
effects of Gal-1 suggests that Tiechburg’s original hypothesis [2] may be correct.

Finally, it is important to note that in contrast to the proapoptotic effect of T-cell viability, several 
papers suggest that Gal-1 may actually protect T cells from death or even exhibit a certain degree of 
mitogenicity. One of Tiechburg’s early papers demonstrated that Gal-1 actually increased the incor-
poration of radiolabeled thymidine in inguinal rabbit lymphocytes at lower concentrations (<3 µg/
mL) [2]. Recently, Endharti et al. also demonstrated that Gal-1 may also be important in sustaining 
naive T-cell survival [109], suggesting that Gal-1 may serve as key stromal derived trophic factor for 
lymphocytes.

28.3.2 GALECTIN-2

Few studies have examined potential regulatory roles of Gal-2 in adaptive immunity. One study sug-
gested that Gal-2 may induce apoptosis in T cells through activation of caspases [110]. However, 
this study used experimental conditions in which Gal-1 also induced apoptosis, raising the possibil-
ity that the responses may be due to the inclusion of DTT. Interestingly, Gal-2-induced apoptosis 
required signifi cantly more time than previously reported for Gal-1, requiring 24 h for robust PS 
exposure to be realized [110], in contrast to the 30 min required for maximal cell death induced by 
Gal-1 [6]. This was not likely a refl ection of relative affi nity, as Gal-2 was more potent than Gal-1 in 
this study [110]. In contrast to its reported effects on viability, Gal-2 also decreased IFNγ and TNFα 
levels while inducing both IL-10 and IL-5 [110], suggesting that Gal-2 may regulate adaptive immu-
nity by shifting TH1 responses to more tolerable TH2 outcomes. By contrast, Gal-2 was recently 
reported to induce PS exposure in T leukemic MOLT-4 cells independent of apoptosis, while exhib-
iting no effect on PS distribution or viability on primary activated T cells unless coincubated 
with DTT [17]. No in vivo studies have been conducted to date to determine whether Gal-2 might exhibit 
similar immunosuppressive features as Gal-1. This may be important, since Gal-1-null mice exhibit a 
moderate phenotype following immunological challenge, suggesting that other members may 
compensate in vivo.

28.3.3 GALECTIN-3

In contrast to the putative proapoptotic activities of extracellular Gal-1, several studies suggest that 
Gal-3 actually inhibits apoptosis intracellularly when it is overexpressed [111]. For example, Gal-3 
increases the growth rate and decreases sensitivity to proapoptotic agents such as anti-Fas and stour-
sporine [111] when overexpressed in T leukemic Jurkat cells, presumably through interactions with 
bcl-2 [111,112]. However, it should be noted that no alterations in T-cell viability have been reported 
in Gal-3 null mice. Attempts to resolve the potential involvement of Gal-3 in leukocyte viability 
utilizing siRNA knockdown approaches also give confl icting results. For example, knockdown of 
Gal-3 increased proliferation and reduced activation induced cell death in primary peripheral blood 
mononuclear cell (PBMCs) [113] in one study, while Gal-3 knockdown expression signifi cantly 
attenuates T-cell proliferation [114] in another study. Knockdown of Gal-3 in B cells blocked 
IL-4-induced survival of activated B cells, favoring plasma cell differentiation, implicating roles for 
Gal-3 in memory B-cell development [115]. Similarly, Gal-3 exhibits an antiapoptotic role in B-cell 
lymphomas [116]. In contrast, intracellular Gal-3 may simply modulate the type of signaling 
response initiated by death receptor ligation [117].

Early reports suggested that extracellular Gal-3 exhibited no direct effects on T-cell viability 
[6,118] and may even antagonize the effects of Gal-1-induced apoptosis [118]. Similarly, Gal-3 also 
exhibited no effect on thymocyte viability [119], although Gal-3 seems to regulate other aspects of 
central tolerance, such as adhesion of thymocytes to the thymic epithelium [120]. By contrast, recent 
reports suggest that Gal-3 induces apoptosis in T cells and thymocytes [121,122]. Consistent with 
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this, a positive correlation between Gal-3, but not Gal-1, and lymphocyte apoptosis was found within 
melanoma neoplastic lesions, suggesting that Gal-3 may actually exhibit proapoptotic effects [123]. 
Furthermore, patients with infl ammatory bowel diseases exhibit decreased expression of Gal-3, 
which suggests that chronic infl ammation may in part result from decreased regulatory capacity of 
adaptive immunity by these tissues [113].

In contrast to the effects of Gal-3 on leukocyte viability, Gal-3 may also modulate other aspects 
of adaptive immunity. For example, Gal-3 inhibits IL-5 production, a key cytokine in Th2-adaptive 
immune responses, in eosinophil cell line EoL-3, PBMCs, and CD4+ T cell lines. By contrast, Gal-
3-null mice exhibit reduced eosinophil infi ltration and airway hyperresponsiveness following aller-
gic challenge [124], suggesting that Gal-3 actually stimulates Th2 responses when present. Lactose 
or anti-Gal-3 blocking antibodies also inhibit polymorphonuclear leukocyte-mediated increases in 
spontaneous IgE production in patients with IgE-associated atopic eczema/dermatitis syndrome 
(AEDS), further implicating Gal-3 in the development of TH2 adaptive immune responses. Gal-3 
may also regulate T-cell activation. For example, Gal-3 enhances adhesion of naive T cells to 
DCs, possibly facilitating activation and proliferation [125]. By contrast, Gal-3 may also bind TCR, 
antagonizing immunological synapse formation, a process likely regulated by β-1,6-N-
acetylglucosaminyltransferase V (Mgat5) [126].

28.3.4 GALECTIN-4 AND GALECTIN-8

Very few studies have examined potential roles of either Gal-4 or Gal-8 in adaptive immunity. Gal-4 
induces IL-6 production and is implicated in the pathogenesis of infl ammatory bowel disease [127]. 
Furthermore, Gal-4 exhibits no effect on T-cell viability [17,127].

Gal-8 induces Rac-1 activation and profound morphological changes in T leukemic Jurkat cells 
[128,129]. In addition, anti-Gal-8 blocking antibodies have been demonstrated in patients with sys-
temic lupus erythematosus (SLE). However, the physiological consequences of both these observa-
tions are unknown [128,129].

28.3.5 GALECTIN-9

The fi rst studies implicating a potential role for Gal-9 in adaptive immunity demonstrated that Gal-9 
induced apoptosis in thymocytes [119]. However, these studies, like Gal-1, utilized 3 mM DTT in all 
treatment conditions [119]. However, consistent with a potential role for Gal-9 in T-cell turnover, 
administration of Gal-9 not only reduced pathology associated with experimental autoimmune 
nephritis, but also increased apoptosis in CD8+, but not CD4+ T cells and restored kidney function 
[130]. Subsequent studies demonstrated that Gal-9 induces apoptosis in several T leukemic cell lines 
through a calpain- and caspase-1-dependent pathway [131]. Gal-9 has also been reported to selec-
tively induce apoptosis in CD4+ TH1 cells, possibly through interactions with Tim3, a TH1-specifi c 
receptor [132] in the absence of DTT, providing a potential feedback mechanism in the regulation 
of TH1-mediated adaptive immune responses. Consistent with this, administration of Gal-9 induced 
selective loss of TH1 IFNγ producing T cells [132].

28.3.6 GALECTIN-10

In addition to being expressed in eosinophils, recent evidence utilizing a proteomics approach iden-
tifi ed Gal-10 as a specifi c intracellular marker of CD4+ CD25+ Tregs [133]. Knockdown of Gal-10 
in CD4+ CD25+ Tregs rendered them sensitive to proliferation-inducing stimulation, changed 
cytokine production, and signifi cantly compromised their suppressive behavior [133]. Ectopic 
expression of Gal-10 also induced caspase-dependent apoptosis in CD4+ T cells. Although these 
alterations were attributed to intracellular Gal-10, it is not clear whether the detection methods uti-
lized enabled Gal-10 recognition if bound to cell surface ligands [133].
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28.4 CONCLUSION AND FUTURE DIRECTIONS

Galectins may serve as key immune regulatory elements in a manner analogous to Matzinger’s 
danger theory of host–parasite interactions [134,135], signaling danger not only when pathogens 
induce host-cell death, but perhaps also when the immune system itself becomes a danger. Galectins 
have nearly ubiquitous expression [35,136], and are able to induce key changes in leukocytes, 
including apoptotic death, removal, and turnover, or immunosuppressive alterations in cytokine 
production. A partial summary of these activities is shown in Table 28.1. These activities place 
galectins in a key position to signal leukocyte elimination or shift toward a more tolerable Th2 outcome 
following release during excessive immune mediated tissue damage.
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29.1 INTRODUCTION

Galectins are an ancient family of animal lectins present in phylogenically distant organisms defi ned 
by selectivity for β-galactose and the presence of consensus amino-acid sequences [1]. Family 
members are observed in vertebrates, insects, nematodes, fungi and marine sponges, and homologs 
are present in plants [2] and viruses [3]. Fifteen members are described in mammals and others are 
present in expression databases [2]. The conserved galectin carbohydrate recognition domain (CRD) 
consists of approximately 130 amino acids that provide lectin activity. Family members contain a 
single CRD domain (galectin-1, -2, -5, -7, -10, -11, -13, -14, and -15) or two domains linked by a 
nonconserved peptide (galectin-4, -6, -8, -9, and -12). Galectin-3 is the only member of the third 
form with a single CRD domain and N-terminal region of approximately 120 amino acids composed 
of tandem repeats of short amino-acid segments.
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Galectin-3 oligomerizes in the presence of multivalent carbohydrate ligands at approximately 1 µM 
[4 – 6]. A quantitative study revealed formation of galectin-3 pentamers on binding to multivalent 
carbohydrates [7]. Oligomerization of galectin-3 also occurs by covalent transglutaminase activity 
[8], resulting in the formation of stable multivalent lectin [9,10]. The affi nity of galectin-3 for 
galactose is low, but that for certain galactose-containing oligosaccharides can be signifi cantly 
higher [11].

Like other galectins, galectin-3 lacks a classical signal peptide and transmembrane domain 
required for secretion through the classical secretory pathway and for display on the cell surface, 
respectively (reviewed in Refs. [12,13]). Nevertheless, the protein is released to extracellular spaces 
and possible mechanisms have been investigated (reviewed in Ref. [12]).

Secreted galectin-3 may affect cells by an autocrine or paracrine mechanism by binding to 
and cross-linking glycoproteins and glycolipids present on the cell surfaces and extracellular 
matrices that contain appropriate oligosaccharides. Galectin-3’s effectiveness in this process is 
likely to be associated with its ability to form oligomers. From earlier studies, it appeared that 
oligomerization of galectin-3 in vitro required the protein being present at micromolar concen-
trations. Recent fi ndings with galectin-1 suggest these proteins may be more effective when 
presented by solid-phase (bound to extracellular matrix) repositories [14]. Another recent study 
demonstrates that oligomerization occurring on cell surfaces mediates cell activation and 
adherence [15], but local physiological concentrations required to effect these functions on cells 
in vivo are yet to be determined.

Although all galectins bind to galactose, they exhibit individual selectivity for glycans. For 
example, galectin-3 (as well as galectin-1), but not galectin-7, causes aggregation of neutrophils, 
thymocytes, and platelets [16]. Similarly, galectin-3 (as well as galectin-7), but not galectin-1, 
renders human erythrocytes sensitive to detergent-induced hemolysis of human erythrocytes.

Galectin-3 has been observed to shuttle between the cytoplasm and the nucleus [17] and has 
been described to play a role in pre-mRNA splicing [13,18]. A number of other intracellular 
functions have been reported and, for some of these, intracellular proteins with which galectin-3 
interacts and possibly mediate these functions have been identifi ed. Notably, galectin-3 binds to 
them through protein–protein interactions and not lectin–carbohydrate interactions [13,19]. 
A role for galectin-3 in glycoprotein traffi cking was recently described by Delacour et al. [20]. 
They demonstrated the presence of galectin-3 in vesicles containing glycoproteins destined for 
membrane nonlipid raft microdomains at the apical side of the cell. Galectin-3 knockdown 
with small interfering RNA (siRNA) resulted in misdirection of apical proteins to basolateral 
cell surfaces. This study implicates galectin-3 with a role in controlling the composition of cell 
surface glycoproteins.

29.2 EXPRESSION OF GALECTIN-3 IN IMMUNE CELLS

Galectin-3 is widely distributed in tissues [21] and the expression profi le in immune cells is 
summarized in Table 29.1.

29.2.1 LYMPHOID CELLS

Galectin-3 is absent in resting B cells but its expression is inducible by B cell receptor (BCR) 
cross-linkage or exposure to lipopolysaccharide (LPS), and by activation/differentiation stimuli 
with IL-4 or CD40 cross-linking [22]. In addition, galectin-3 was detected in B cells of mice 
infected with Trypanosoma cruzi and the lectin levels increased signifi cantly when the cells were 
treated with IL-4 [22]. Similarly, galectin-3 is absent in resting mouse T cells, but expressed in 
CD4+ and CD8+ after activation with anti-CD3 antibody or the mitogen Concanavalin A (ConA) 
followed by culture with IL-2, IL-4, and IL-7 [23]. Galectin-3 has sometimes been detected in 
T cell subsets, as it appears to be present in subpopulations of mouse CD8+ T cells and this 
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expression  is upregulated in animals infected with Yersinia [24]. Viral induction of galectin-3 
expression was observed in T cells infected with human T lymphotropic virus-1 (HTLV-1) [25] 
or human immunodefi ciency virus (HIV) type 1 [26,27]. This is related to action on the galec-
tin-3 promoter by HTLV-1 Tax transactivator protein [25] and HIV-1 Tat protein [26,27], 
respectively.

29.2.2 DENDRITIC CELLS

Galectin-3 is present in mouse Langerhans cells [28] and on surfaces of human skin Langerhans 
cells [29]. As galectin-3 mRNA is undetectable in the latter, the lectin may be acquired from 
neighboring epidermal keratinocytes. Galectin-3 was also detected in Birbeck granules of Langerhans 
cells [30]. Expression of galectin-3 in splenic dendritic cells and a dendritic cell line was highly 
induced when mice were infected with T. cruzi infection [31].

29.2.3 MYELOID CELLS

Expression of galectin-3 was observed in myelopoietic but not lymphopoietic cells of rat bone 
marrow [32]. In human bone marrow myeloid cells, galectin-3 expression is infl uenced by cell 
differentiation, being expressed at low levels in CD34+ early myeloid cells, but at higher levels in 
more mature cells [33]. Galectin-3 levels in human monocytes increase dramatically during differ-
entiation into macrophages and in mouse peritoneal macrophages during in vitro culture [34,35]. 
Both galectin-3 protein and mRNA levels were induced by treatment of the human promyelocytic 
line HL-60 and the monocytic cell line THP-1 with phorbol 12-myristate 13-acetate [36,37]. Galectin-3 
expression in resident mouse peritoneal macrophages increased when the cells were loaded with 
acetylated low-density lipoprotein (LDL) or oxidized LDL, and the PKC-Ras-Raf-MKK1-MKK3-
p38 pathway appears to be involved in the regulation of lectin expression [38]. In addition, galec-
tin-3 expression was upregulated in macrophages treated with 1,25-dihydroxyvitamin D3 [38,39], in 
macrophage and microglia activated during phagocytosis of myelin [40], and in microglia exposed to 
granulocyte macrophage colony stimulating factor [41]. Finally, galectin-3 is also present in mast cells 
[42], neutrophils [43], and eosinophils [44].

TABLE 29.1
Expression of Galectin-3 in Immune Cells

Cell Type Subset/Treatment Animal Species

B cell Induced by LPS, IL-4, or cross-linkage of BCR or CD40 Mouse

Induced by parasite infection in the host Mouse

Induced by BCR ligation in anergic B cells Mouse

T cell CD4+ and CD8+ activated by anti-CD3 or Con A Mouse

Induced by HTLV-1 and HIV infection Human

CD8+ infection with Yersinia Mouse

Langerhans cell Cell surface and Birbeck granules (acquired from other 
cells?)

Human

Dendritic cell Induced by parasite infection Mouse

Myeloid Increased upon maturation Human

Mast cells Human and mouse

Neutrophils Human

Eosinophils Human

Monocytes/
macrophages

Primary cells and cell lines/induced upon cell 
differentiation

Human and mouse
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29.3 HOMEOSTATIC REGULATION OF IMMUNE CELLS

Galectin-3 has been shown to function in the regulation of cell differentiation, growth, and survival, 
and in modulation of cell adhesion, activation, and chemoattraction (Table 29.2). Several functions 
were demonstrated by exogenous delivery of galectin-3 to cells, while others involved functional 
inhibitors, gene suppression, or ectopic protein expression. The roles of galectin-3 in homeostatic 
regulation of immune cells are described in this section, and regulation of immune cell functions are 
covered in the next section.

29.3.1 REGULATION OF CELL DIFFERENTIATION

Acosta-Rodriguez et al. [22] reported that galectin-3 expression favors differentiation of B cells into 
plasma cells over memory cells. They showed that galectin-3 contributed to IL-4-induced downregula-
tion of Blimp-1, which is known to be able to drive the development of memory cells [22]. In another 
study comparing B cells from wild-type C57BL/6 mice exhibiting no autoimmune reactivity and auto-
immune MRL/Mp mice, galectin-3 was found to be signifi cantly elevated in anergic wild-type B cells 
after activation by BCR ligation, as opposed to low unchanged levels in activated self-reactive B cells 
[45]. The results suggest an association between galectin-3 expression and tolerance to self-antigens.

TABLE 29.2
Functions of Galectin-3 in Immune Cells Demonstrated in Vitro

Function Comment

Induces B cell differentiation Endogenous (antisense)

Mediates Con A/cytokine-induced T cell growth Endogenous (antisense)

Promotes growth of T cell line Endogenous (gene transfection)

Promotes G-CSF-driven growth of myeloid cells Exogenous

Inhibits GM-CSF-driven growth of bone marrow cells Exogenous

Inhibits apoptosis in B cell line Endogenous (gene transfection)

Inhibits apoptosis in T cell line (intracellular) Endogenous (gene transfection)

Induces apoptosis in T cell line (extracellular) Exogenous

Inhibits apoptosis in macrophages Endogenous (gene knockout)

Inhibits adhesion of thymocytes to thymic nurse cells Exogenous

Promotes T cell adhesion to DC and macrophage Endogenous

Induces IL-2 production by T cell line Exogenous

Promotes IgE production in B cells Exogenous

Regulates TCR signaling Endogenous

Attenuates Th1 response to parasite antigen in DC Endogenous (gene knockout)

Induces mast cell degranulation Exogenous

Regulates JNK1 expression and cell function in mast cells Endogenous (gene knockout)

Induces oxidative burst and IL-1 production in monocytes Exogenous

Induces migration of monocytes/macrophages Exogenous

Suppresses IL-5 production in eosinophils, PBMC, and T cell 
line

Exogenous

Potentiates macrophage phagocytosis Endogenous (gene knockout)

Induces oxidative burst in neutrophils Exogenous

Note: Exogenous: Demonstrated with recombinant galectin-3 added exogenously to cells. 
Endogenous: Demonstrated by inhibiting galectin-3 functions (using appropriate 
saccharide inhibitors or neutralizing antibodies), by inhibiting galectin-3 expression 
(using the antisense or siRNA strategy, or using cells from knockout mice) or by ectopically 
expressing galectin-3 (using the gene transfection approach).
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29.3.2 REGULATION OF CELL GROWTH

The ability of galectin-3 to form multimers upon binding to glycans on the cell surface [46,15] 
suggests a means by which transmembrane signaling events can be initiated. It is possibly through 
this mechanism that galectin-3 infl uences the growth of various cell types (reviewed in Refs. [47,48]), 
including immune cells. While recombinant human galectin-3 promotes granulocyte-colony stimu-
lating factor (G-CSF)-driven proliferation of CD34+ early myeloid cells in vitro [33], recombinant 
rat galectin-3 suppresses granulocyte macrophage colony stimulating factor (GM-CSF)-induced 
proliferation of rat bone marrow cells [32]. These fi ndings suggest selective function of galectin-3 
delivered extracellularly depending on the target cells.

By using galectin-3-specifi c antisense oligonucleotides, it was shown that decrease in galec-
tin-3 expression in T cells resulted in attenuated cell growth induced by Con A and IL-2  [23]. It is 
unknown if galectin-3 is secreted by the T cells and infl uences cell growth by autocrine action, or 
functions intracellularly by affecting signaling pathways.

29.3.3 REGULATION OF APOPTOSIS (INDUCED BY EXOGENOUS DELIVERY)

Galectin-3 has been shown to induce apoptosis in T cells, which is also a demonstrated function of 
galectin-1 and -9. Galectin-3 is capable of inducing apoptosis in human T leukemic cell lines, human 
peripheral blood mononuclear cells (PBMC), and activated mouse T cells [49]. Interestingly, 
sensitivity of cells to apoptosis induced by galectin-3 is dependent on levels of the galectin-3 itself 
expressed in these T cell lines (e.g., galectin-3-negative Jurkat, CEM, and MOLT-4 were signifi -
cantly more sensitive to apoptosis than galectin-3-positive SKW6.4 and H9 [49]). This is consistent 
with documented antiapoptotic activity of intracellular galectin-3 (described below). Neutralizing 
antibodies to CD7 and CD29 (β1 integrin) inhibited galectin-3-induced apoptosis [49], suggesting 
involvement of these antigens in galectin-3-mediated apoptosis. A recent study confi rmed the 
capacity of galectin-3 to induce cell death in T cells and described differential sensitivities of cells 
to galectin-1 and galectin-3 [50]. Galectin-3 acts preferentially on double-negative thymocytes, 
while galectin-1 kills both double-negative and double-positive thymocytes and acts through CD45 
and CD71 [50]. Galectin-3-induced apoptosis appears to involve activation of mitochondrial events, 
including cytochrome c release, and caspase-3 activation, but not caspase-8 activation [49]. As 
reported for galectin-1 [51–53], T cell killing by galectin-3 may be relevant to immune escape by 
tumor cells expressing the lectin. A potential role of galectin-3 in this regard was suggested by the 
observed correlation between galectin-3 expression in tumors and the degree of apoptosis in 
tumor-associated T cell [54].

29.3.4 REGULATION OF APOPTOSIS (DETERMINED BY GENE TRANSFECTION)

Galectin-3 was found to confer antiapoptotic activity in a number of cell types and diverse apoptotic 
stimuli by using gene transfection or antisense nucleotide methods in many cell types (reviewed in Ref. 
[13]), and some data exist for immune cells. Galectin-3 expression in human B lymphoma cells 
transfected with cDNA conferred resistance to apoptosis induced by anti-Fas antibody [55]. Conversely, 
a galectin-3-positive B cell line transfected to express the amino-terminal domain of galectin-3 (function-
ing in dominant negative fashion) exhibited elevated sensitivity to anti-Fas-induced apoptosis [55]. 
Similarly, galectin-3 expression in the human T cell line Jurkat resulted in resistance to apoptosis induced 
by anti-Fas antibody and staurosporine [56], and its expression in another human T cell line CEM resulted 
in resistance to apoptosis induced by galectin-1 [57] and C(2)-ceramide [49].

Galectin-3 also regulates apoptosis in other immune cells. Galectin-3-defi cient macrophages 
undergo apoptosis more readily than wild-type mice when treated with a combination of LPS and 
IFNγ [58]. The results confi rmed the antiapoptotic activity of galectin-3 demonstrated by gene 
transfection approaches as described above.
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The mechanisms by which intracellular galectin-3 confers resistance to apoptosis appear to 
involve engagement of apoptosis regulation pathways. Translocation of galectin-3 from the cytosol 
or the nucleus to mitochondria following exposure to apoptotic stimuli was described [59,60]. 
Loss of mitochondrial membrane potential is a feature associated with apoptosis, and expression 
of galectin-3 was observed to suppress the loss in the potential, suggesting that antiapoptotic 
action of galectin-3 may involve interaction with other regulators of apoptosis operating in mito-
chondria [60]. The antiapoptotic activity of galectin-3 appears to rely on phosphorylation of 
serine at position 6 [61], which  is also required for export of the lectin from the nucleus upon 
exposure to apoptotic stimuli [62]. The antiapoptotic activity is also dependent on the presence 
of Asn-Trp-Gly-Arg (NWGR) motif in the C-terminal domain of galectin-3 [56,63]. This motif 
is contained in well-characterized members of the Bcl-2 family of apoptosis regulators and is 
indispensable in their functions [64]. It is present in galectin-3 from various animal species [56] 
and is located at the carbohydrate-binding site of human galectin-3, as evidenced in the x-ray 
crystal structure [65].

Galectin-3 has been found to bind to proteins implicated in regulation of apoptosis, including 
Bcl-2 [56] and synexin [59]. Synexin was also shown to be required for translocation of galec-
tin-3 to perinuclear membranes [59]. Current knowledge indicates that mechanisms by which 
galectin-3 inhibit apoptosis are complex and rely on compartmentalization of galectin-3. In particular, 
galectin-3 is antiapoptotic when present in the cytosol, but proapoptotic when present in the 
nucleus [66].

29.4 FUNCTIONAL REGULATION OF IMMUNE CELLS

29.4.1 REGULATION OF CELL ADHESION

In a carbohydrate-dependent manner, galectin-3 binds to the extracellular matrix proteins laminin 
[5,67–69], fi bronectin [69], elastin [70], and hensin [71] and can infl uence cell adhesion to extracel-
lular matrices. It also interacts with integrins α1β1 [72,73] and αMβ1 (CD11b/18) [74] and 
potentiates cell adhesion through these integrins. As immune and infl ammatory responses notably 
rely on cell adhesion, it is conceivable that galectin-3 can affect immune and infl ammatory processes 
by modulating cell adhesion in various cell types (reviewed in Ref. [67]).

29.4.2 LYMPHOID CELLS

In an in vitro system representing reconstituted thymic microenvironment, Villa-Verde et al. [75] 
found galectin-3 to attenuate interaction of thymocytes with thymic nurse cells. The authors proposed 
that galectin-3 may infl uence development of thymocytes by modulating their adhesion to surround-
ing cells in thymus in a capacity as a deadhesion molecule. This function appears to operate via the 
lectin activity as it is inhibited by lactose, a natural galectin-3 ligand.

The function described above was demonstrated by delivering galectin-3 exogenously. 
Involvement of intrinsic galectin-3 in adhesion of mouse T cells was described by Swarte et al. 
[76] in cells triggered by antibody ligation of l-selectin that results in adhesion of T cells to 
dendritic cells or macrophages. This intercellular adhesion was inhibited by a known galectin-3 
sugar ligand or antigalectin-3 antibody [76].

29.4.3 MYELOID CELLS

Recombinant galectin-3 was found to promote adhesion of human neutrophils to laminin [68] and 
to an endothelial cell line [77]. Galectin-3 was found to bind to alpha-galactosylated glycan xenoan-
tigens [78]. Additional results suggest that galectin-3 serves as a receptor on human monocytes for 
these xenoantigens and is responsible for infi ltration of these cells to the xenograft.
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Infl uence of galectin-3 on cell adhesion appears to rely on the cell type and the nature of 
glycoconjugates on immune cells, as well as relevance of these surface glycans to cell adhesion 
[67]. Interestingly, galectin-3 was observed to regulate the expression of integrins [79] and induce 
endocytosis of β1 integrins in certain cells [80]. This suggests that another mechanism by which this 
protein regulates cell adhesion may occur by controlling cell surface levels of adhesion molecules.

29.4.4 CELL ACTIVATION

As receptor cross-linking is a method by which transmembrane signal transduction initiates, 
galectin-3 may be expected to induce cell activation through its multivalent lectin activity.

29.4.4.1 Lymphoid Cells

Galectin-3 can mediate IgE production by B cells induced by polymorphonuclear cells from patients 
with IgE-associated atopic eczema/dermatitis syndrome [81], and activate human Jurkat T cells to 
produce IL-2 [25,82]. By these actions, it functions as a positive regulator. Galectin-3 was described 
to associate with the T-cell receptor (TCR) complex, in a fashion that is dependent on the glycosyla-
tion of TCR controlled by β1,6-N-acetylglucosaminyltransferase V (Mgat5), an enzyme in the 
N-glycosylation pathway [83]. Inhibition of galectin-3 on T cell surfaces by lactose pretreatment 
increased TCR clustering as well as signaling through the receptor. This suggests that galectin-3 can 
serve as a negative regulator of TCR-initiated signal transduction [83].

29.4.4.2 Myeloid Cells

Galectin-3 was previously shown to bind to IgE (hence the name IgE-binding protein) but also binds 
to IgE receptor (FcεRI) [84]. Galectin-3 induces mediator release in both IgE-sensitized and 
nonsensitized cells [84,85], possibly by cross-linking FcεRI-bound IgE, FcεRI, or both. Galectin-3 
induces superoxide anion production [34] and potentiates LPS-induced IL-1 production [86] in 
human peripheral blood monocytes. It also induces superoxide anion production in human 
peripheral blood neutrophils primed with cytochalasin-D [87]. This was similarly demonstrated 
with exudated human neutrophils obtained from skin blister fl uid and with peripheral blood neutro-
phils treated with stimuli such as fMLP [88]. Additional study revealed that neutrophils responded 
to galectin-3 after prior exposure to LPS, and it was shown that responsiveness was due to mobiliza-
tion of granular proteins recognizable by galectin-3 to cell surfaces [89]. Interaction of galectin-3 
with CD66a and CD66b on neutrophil surfaces has also been shown [90]. Comparative analyses of 
neutrophil activation by galectin-1 and -3 revealed differential activation by engagement of different 
receptor sets [91].

Galectin-3 can also exert a suppressive effect on myeloid cells, as exemplifi ed by inhibition of 
IL-5 production in human eosinophils, an eosinophilic cell line, human PBMC, and an antigen-
specifi c T cell line, due to downregulation of IL-5 mRNA levels [92]. Galectin-3 appears to down-
regulate IL-5 production by engaging FcγRII, as revealed by studying PBMC from FcγRII-defi cient 
mice [93].

A function in phagocytosis has been demonstrated for galectin-3 by comparing macrophages 
from galectin-3-defi cient (gal3−/−) mice and wild-type mice [94]. Gal3−/− macrophages are 
defective in phagocytosis of opsonized erythrocytes and apoptotic thymocytes both in vitro and 
in vivo. In addition, in wild-type macrophages engulfi ng opsonized erythrocytes, galectin-3 was 
detected in phagocytic cups and concentrated in phagosomes. The mechanism by which intracellular 
galectin-3 participates in phagocytosis is yet to be clarifi ed.

Studies of mast cell in gal3−/− mice have revealed a role for galectin-3 in regulation of mast cell 
functions. Gal3−/− mast cells produced lower levels of granular mediators and cytokines, when 
activated by cross-linkage of cell surface IgE receptor, compared to wild-type cells [95]. Reduced 
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IgE-mediated responses of mast cells in vivo were also observed in gal3−/− mice, as evidenced by 
diminished passive cutaneous anaphylactic reactions in these mice. The results indicate that 
galectin-3 is intimately involved in mast cell functions. Gal3−/− mast cells contained lower levels of 
c-jun-N-terminal kinase-1 (JNK1) mRNA and protein, suggesting that the lectin regulates JNK1 
transcription [95]. Because JNK1 plays a central role in the signaling pathways leading to production 
of selected cytokines, this could explain how galectin-3 controls cytokine production.

29.4.5 CHEMOATTRACTION

Development and maturation of immune and infl ammatory responses rely on migration of various 
immune cells induced by chemoattractants, such as chemokines. In this regard, galectin-3 was found 
to induce migration of human monocytes and macrophages, and alveolar macrophages, both in vitro 
and in vivo [96]. N-terminal and C-terminal domains are required for this activity, and the activity is 
at least partially mediated through a pertussis toxin (PTX)-sensitive (G protein-coupled) pathway 
also engaged by various chemokine receptors [96]. The identity of specifi c chemokine receptors in 
the chemotactic activity of galectin-3 remains to be established.

29.5 BIOLOGICAL EFFECTS DEMONSTRATED IN VIVO

In vitro studies suggest that galectin-3 can promote infl ammatory responses through its functions on 
cell activation, cell migration, and inhibition of apoptosis (thus prolonging the survival of infl ammatory 
cells). This has been confirmed by in vivo studies using gal3−/− mice, as demonstrated by 
attenuated infi ltration relative to wild-type mice in a peritoneal model of infl ammation by Colnot 
et al. [97]. We also observed attenuated infl ammation in gal3−/− mice, as evident in consistently 
lower macrophage infi ltrations in the peritoneal cavity, compared to wild-type mice, when mice 
were injected intraperitoneally with thioglycollate broth [58].

Our laboratory also described a proinfl ammatory role for galectin-3 in an antigen-specifi c mouse 
model of asthma. Ovalbumin-sensitized gal3−/− mice developed lower lung eosinophilia and signifi -
cantly reduced airway hyperresponsiveness relative to similarly treated wild-type mice following 
airway antigen challenge [98]. Other investigators observed reduced eosinophil infi ltration and 
airway hyperresponsiveness in response to airway antigen challenge in rats and mice after intranasal 
delivery of cDNA encoding galectin-3 [99,100]. These contrasting results may be explained by a 
potentiating role for endogenous galectin-3 in the airway infl ammatory response, but a suppressive 
effect of pharmacological concentrations of galectin-3 applied to the airways. The study of airway 
infl ammation using gal3−/− mice also revealed the regulation of Th1/Th2 polarization by galectin-3: 
Compared to wild type mice, gal3−/− mice showed (i) decreased IL-4 and IgE levels in bronchoalveo-
lar fl uid and serum and (ii) elevated IFNγ levels and IgG2a/IgG1 ratios in bronchoalveolar fl uid 
and serum [98].

The role of galectin-3 in innate immunity against microorganisms has also been revealed by 
studying gal3−/− mice. Consistent with the role of galectin-3 in promoting the infl ammatory response, 
gal3−/− mice infected with Toxoplasma gondii exhibited lower infl ammatory scores in gut, liver, and 
brain compared to similarly infected wild-type mice [101]. However, cellular infl ammation in lungs 
of gal3−/− mice was more pronounced than wild-type mice in late infection, suggesting complex 
cellular regulation by galectin-3. A polarized T helper response was also observed in gal3−/− mice 
infected with T. gondii relative to wild type in that serum levels of IL-12 and IFNγ were highly 
elevated in the former, and appear to result from increased secretion of IL-12 by dendritic cells 
[101]. Finally, in T. gondii infection by the oral route, gal3−/− mice displayed survival periods that 
are similar to wild-type mice, but infections by the peritoneal route revealed increased susceptibility 
of gal3−/− mice to parasite.

In a mouse infection model with Mycobaterium tuberculosis, Beatty et al. [102] observed that 
gal3−/− mice demonstrated impaired capacities in clearing late infections compared to wild-type 
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mice, suggesting involvement of galectin-3 in innate defense against Mycobacterial infection. In a 
mouse infection model with Streptococcal pneumonia, Sato et al. [77] observed the accumulation 
of galectin-3 in alveolar spaces of infected lungs, correlating with the onset of neutrophil extrava-
sation. These results suggest involvement of galectin-3 in neutrophil adhesion during processes of 
extravasation in S. pneumonia lung infection.

29.6 CONCLUSION AND FUTURE DIRECTIONS

The functions demonstrated for galectin-3 can be described as either extracellular or intracellular. 
Extracellularly, galectin-3 can function by binding to cell surface glycans in a fashion that is depen-
dent on lectin–carbohydrate interactions. Through this mode of action, it can affect cell growth and 
survival, activate, or inhibit cellular responses, modulate cell adhesion, and induce cell migration. 
These are mostly demonstrated with recombinant galectin-3 in vitro. Whether endogenous galec-
tin-3 exerts these activities remains to be clarifi ed. First, there is a question of whether the lectin is 
present extracellularly. In this regard, galectin-3 is secreted by cultured cells (reviewed in Ref. 
[12]) and is readily detectable in the extracellular environment and present under infl ammatory 
conditions. For example, galectin-3 is detectable in tears from patients with ocular diseases [103]. 
In patients with rheumatoid arthritis, galectin-3 expression is upregulated in synovial tissues and 
present in synovial fl uid from these patients [104]. Bronchoalveolar lavage fl uid from mice with 
infl amed airways [98] and mice infected with S. pneumonia [77] also contain galectin-3.

The second question is whether the concentrations of extracellular galectin-3 would be suffi -
ciently high for those responses demonstrated in vitro to occur in vivo. The extracellular functions 
described were mostly demonstrated by addition of relatively high concentrations of recombinant 
galectin-3. However, galectin-3 may be more effective in induction of extracellular effects when 
presented by the extracellular matrices, as described for galectin-1 [14]. In addition, stable dimers 
of galectin-3 may be formed through covalent transglutamination [8–10], which would render the 
protein more effective in cross-linking cell surface glycoproteins. Nevertheless, in vivo data are 
needed to defi nitively establish the role of extracellular functions of galectin-3 in physiological and 
pathological processes.

The cell surface receptors responsible for galectin-3’s action also remain to be clarifi ed. 
Galectin-3 has been shown to bind to a large number of different glycoproteins. It appears the lectin 
invariably binds to a number of different glycoproteins on the cell surfaces and thus does not have a 
specifi c receptor. It also appears that the lectin binds to different cell surface glycoproteins in different 
cell types. It would continue to be a challenge to establish which glycoproteins recognized by the 
lectin is responsible for its function exerted on a specifi c cell type, and the conditions under which 
galectin-3 can effect the function.

The intracellular functions identifi ed for galectin-3 are not expected for a protein with lectin 
properties, but are consistent with the protein’s intracellular localization. These involve some funda-
mental intracellular process, such as pre-mRNA splicing and apoptosis. Many intracellular func-
tions of galectin-3 were revealed from studies involving gene transfection and antisense nucleotides 
to infl uence expression, and others from correlation with intracellular localization of the proteins. 
More recently, some of the intracellular functions have been confi rmed by the use of cells from mice 
defi cient in galectin-3. The possibility exists that some activities detected in vivo are due to the pro-
tein being released from cells and functioning extracellularly. In a number of cases, however, this is 
excluded by the fact that the activities in question are not affected by lactose added to the culture 
medium, which would inhibit galectin-3’s carbohydrate-dependent extracellular action. In addition, 
the intracellular functions are supported by the identifi cation of intracellular proteins with which 
galectin-3 interact.

It is to be noted that most of the described intracellular functions of galectin-3 are not dependent 
on its interactions with intracellular carbohydrates. However, as described earlier in this review, 
galectin-3 has been identifi ed in post-Golgi intracellular vehicles transporting glycoproteins destined 
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for apical export [20]. The authors concluded that galectin-3 may be involved in sorting selected 
glycoproteins into these specifi c vehicles. This suggests an intriguing possibility in intracellular 
utilization of galectin-3’s lectin function.

A large body of in vitro studies using a variety of different methodologies have demonstrated a 
number of functions of galectin-3 in various immune cells. In vivo studies, including those using 
gal3−/− mice also have begun to provide information on the functions of galectin-3 in adaptive and 
innate immunity. It may be anticipated that additional studies of these mice, as well as investigations 
employing small interference RNA (siRNA) and specifi c inhibitors will continue to shed light on the 
role of galectin-3 in regulation of the immune response.
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30.1 INTRODUCTION

In 1988, Herman Stillmark discovered a hemagglutinin (that he originally called ricin) in extracts of 
castor beans. Although lectins were fi rst described in plants in relation to their cell agglutinating 
properties [1,2], molecules that bind carbohydrate residues have now been discovered in viruses, 
microorganisms, plants, and animals [1,3,4]. It has been shown that lectins serve to mediate diverse 
carbohydrate recognition events in plants and animal tissues of both embryonic and adult origins.

Animal lectins have been found to be associated with the cell surface, the cytoplasm, and the 
nucleus. At the cell surface, lectins can act as receptors involved in selective intercellular adhesions and 
cell migration [5,6], as well as in the recognition of circulating glycoproteins [7]. Lectins have also 
been shown to function as receptors for the extracellular matrix proteins, elastin, and laminin [8,9] for 
glycosaminoglycans that mediate the binding of the proteoglycans to the sugars of other matrix glyco-
proteins [10], and mediate the fi rst steps in immune cell adhesion to endothelia [11]. Proteins with 
carbohydrate residue affi nities also function in the innate immune system of vertebrates [12].

Although the number of animal lectins discovered continues to increase, these lectins can be 
classifi ed into distinct families based on protein sequence homologies [13,14]. A recent classifi cation 
indicates that most of fall into one of fi ve major groups: Ca2+-dependent lectin (C-type lectins), 
galectins (S-type lectins), mannose-6-phosphate receptors (P-type lectins), siglec and other 
immunoglobulin-like sugar binding lectins (I-type lectins), and lectins related in sequence to the 
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leguminous plant lectins (L-type lectins) [15]. In this chapter, we review a relatively new family of 
animal lectins, the “X-lectins”, that have no C-type lectin domains (CRD) in their primary 
sequences, but have been shown to display binding activity to carbohydrate residues only in the 
presence of Ca2+. These lectins appear to function in innate immunity, but members have been 
shown to have specialized functions as well.

The X-lectin family was fi rst studied as the Xenopus laevis oocyte cortical granule lectin (XL35) 
in oocyte and embryos. The cDNA encoding XL35 was isolated from a Xenopus oocyte cDNA 
library and its predicted amino acid sequence does not display the C-type lectin motif, although it 
does require calcium for binding [16]. The lack of sequence similarity of the XL35 lectin with other 
known calcium-dependent lectin families suggested that XL35 represents the fi rst member of a new 
family of lectins. XL35 was shown to consist of 313 amino acids with three potential N-linked 
oligosaccharide sites and includes predicted signal sequence.

Several nucleic acid sequences that predict proteins homologous to XL35 have since been 
reported in frog, human, mouse, lamprey, trout, and ascidian. These predicted proteins also show 
high degrees of amino acid sequence homology to a common fi brinogen-like motif that may involve 
carbohydrate binding. Although their biological functions and carbohydrate binding specifi cities of 
all of these members have not been studied in detail, they appear to have common characteristics. 
Several independent studies on this new family of lectins strongly suggest that some members are 
expressed and stored in specialized vesicles that may be released upon infection by pathogens. In 
addition, some family members have been shown to bind to oligosaccharides of bacterial pathogens. 
Therefore, this family of lectins likely participates in pathogen surveillance as part of the innate 
immune system in humans, murine, and frogs. We proposed the name “X-lectin” family for these 
homologs, since these lectins are all clearly homologs of XL35 [17].

30.2  XENOPUS LAEVIS OOCYTE CORTICAL GRANULE LECTIN 
(XL35) WAS THE FIRST IDENTIFIED LECTIN AMONG 
THE X-LECTIN FAMILY

Studies by two groups have demonstrated that X. laevis oocytes and embryos contain soluble, 
calcium-dependent lectins that form an oligomeric structure with an apparent molecular weight of 
500 kDa under nonreducing conditions [18,19]. Reducing sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) reveals a monomer of about 43–45 kDa with size heterogeneity 
due to N-linked oligosaccharides, suggesting that the native structure of the lectin is a 12-mer 
[18,20]. The hydrophobicity of the XL35 C-terminus and the lack of oligomerization after limited 
acid digestion of XL35 suggest that the region responsible for forming oligomers lies in the C-terminus 
selection of the polypeptide [21]. Interestingly, mass spectrometric studies demonstrated that the 
majority of the purifi ed XL35 polypeptide from the oocyte does not show cleavage of its secretion  
signal sequence, although removal of the signal peptide was detected on a small fraction, less than 
10% [21]. This result suggests a unique biosynthetic pathway for XL35 in the oocyte that allows 
glycosylation and packaging into the cortical granules without cleavage of the signal sequence. 
XL35 is contained within the cortical granules of the oocytes, as well as in several other intracel-
lular locations, and it is released from the cortical granules at fertilization [22]. Several lines of 
evidence suggest that the released multimeric lectins bind to oligosaccharide targets on glycopro-
teins in the egg jelly coat where they participate in the formation of the fertilization envelope that 
blocks sperm entry [23]. These ligands are expressed on ∼500 kDa mucin-like glycoproteins cross-
linked by disulfi de bonds, each containing hundreds of O-linked saccharides [24]. XL35 has a 
remarkable ability to bind a wide variety of both monovalently and polyvalently presented d-galacto-
pyranosides, and binding is calcium-dependent [25]. Hydrolysis of the purifi ed XL35 ligand with 
a series of exoglycosidases showed that a terminal α-galactose was the ligand structure required for 
recognition by XL35 [24]. The ligand was rich in the potentially glycosylated β-hydroxy amino 
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acids, Ser, Thr, and Gly, which are typical of glycoproteins containing O-linked glycans such as 
mucins. The structure of several neutral oligosaccharides released from glycoproteins of X. laevis 
jelly coat by β-elimination has been reported [26]. Many of these oligosaccharide structures 
were found to  contain a terminal α-galactose residue: Galα1–4(Fucα1–2)Galβ1–3GalNac-, 
Galα1–4(Fuc1–2)Galβ1–3(GlcNAcβ1–6)GalNac-, Galα1–4(Fucα1–2)Galβ1–3(Fucα1–2)Gal- 
and Galα1–4(Fuc1–2)Galβ1–3(Fucα1–2)Galβ1–3(GlcNAcβ1–6)GalNAc-.

Recent results from a glycan array screening analysis with fl uorescent labeled XL35 showed the 
very clear carbohydrate binding specifi city of XL35 (Figure 30.1) (http://www.functional-
glycomics.org/glycomics/publicdata/selectedScreens.jsp). The glycan array production and assay 
was performed by Core H of the Consortium for Functional Glycomics (CFG) (http://www.
functionalglycomics.org/fg/index.shtml). The array consists of 285 glycans in replicates of six. The 
results show that in the presence of calcium, specifi city was restricted to glycans with a terminal 
alpha-linked galactose. XL35 prefers to be attached to a GalNAc residue, more than any other 
residue assayed (Figure 30.1). These results are consistent with earlier studies and graphically 
demonstrate the specifi city of XL35.
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FIGURE 30.1 Glycan binding arrary analysis of XL35 shows it binds to alpha-linked galactose. The fl uorescent 
labeled XL35 has been assayed for its binding specifi cities using a glycan array consisting of 285 different glycans 
structures. Its binding specifi city was restricted to glycans with a terminal alpha-linked galactose.  (A): Relative 
binding intensity of XL35 to 285 different glycan structures. (B): Glycan names bound to XL35 among 285 different 
glycans. The glycan array was produced and assayed by CFG. The full data are available at http://www.function-
alglycomics.org/fg/index.shtml. (From Lee, J.K., et al., Glycoconj. J., 21(8–9), 443, 2004. With permission.)
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30.2.1 HOMOLOGS OF XL35 IN FROG EMBRYOS

To examine the expression patterns of XL35 mRNA at fertilization and during embryo development, 
Northern analysis was performed on total RNA purifi ed from Stage VI oocytes and from embryos at 
various stages of development. These results showed that relatively high levels of XL35 mRNA 
were present in Stage VI oocytes and persisted through gastrulation, after which it declined [16]. 
Compared to the levels of expression in gastrulae, low levels of XL35 mRNA was present in hatch-
ing tadpoles. Since it is highly unlikely that maternal mRNA persisted until tadpole stages, together 
with the observation of an increase of RNA levels at gastrulation, it appeared that XL35 mRNA is 
newly transcribed at the midblastula transition along with many other zygotic RNAs. The fact that 
these RNA are transcribed zygotically, as well as maternally, strongly supports the hypothesis that 
XL35 displays other functions in addition to its role in fertilization [20,27].

Nomura et al. [28] showed that monoclonal antibodies against human blood group-B-type 
trisaccharides (B-substance, Galα1–4(Fucα1–2)Galβ1–3-) completely block the Ca2+-dependent 
cell–cell adhesion system in X. laevis embryonic (blastula stage) cells. Synthetic B-substance gly-
copeptides also disrupt this Ca2+ -dependent cell–cell adhesion. These authors purifi ed membrane 
glycoproteins that reacted with B-substance saccharides and showed they are glycosylphosphatidyl 
inositol (GPI)-anchored proteins. Amino acid sequence analysis of the purifi ed protein showed that 
these proteins are homologs of XL35 [28]. These results indicate that the GPI-anchored XL35 
homologs that recognize the B-substance trisaccharide are directly involved in Ca2+ -dependent 
cell–cell adhesion of Xenopus embryonic blastula cells.

The oocyte cortical granule lectin from Silurana tropicalis (western clawed frog) has also been 
reported in GenBank (accession no: AY079196). The amino acid identity between the cortical granule 
lectin from S. tropicalis and XL35 was 85% (similarity, 95%). The total number of amino acids in the 
open reading frame was 320 compared to 313 in XL35. This protein is clearly a homolog of XL35 
(Figure 30.2) and it will be interesting to determine if its binding specifi city and functions are similar.

Recently, Ishino et al. have identifi ed two amino acid sequences and cloned from X. laevis 
serum, termed the 35 kDa serum lectin (accession no: AB061238) and lectin type 2 (accession no: 
AB061239). These lectins showed a high degree of amino acid sequence homology with XL35 
(Figure 30.2). The overall amino acid identity between the 35 kDa serum protein and XL35 was 59% 
(similarity, 81%), while there was 59% amino acid identity (similarity, 84%) between lectin type 
2 and XL35 (Figure 30.2). The open reading frame for the 35 kDa serum lectin was predicted to 
encode 338 amino acids, while lectin type 2 was 315 amino acids. The predicted N-terminal region 
of these two lectins is composed of hydrophobic amino acids, suggesting the presence of a signal 
peptide sequence that causes proteins to enter the secretory pathway, similar to XL35. Earlier, 
 Barondes and coworkers had reported that serum from estrogen-induced X. laevis contained a 69 kDa 
protein that was weakly reactive against antibody against the cortical granule lectin. The serum 
protein also bound to immobilized melibiose in a Ca2+ -dependent manner and a peptide mapping 
analysis suggested some similarity with the cortical granule lectin (XL35) [29]. It will be interesting 
to determine the relationship of the 35 kDa serum lectin and the lectin type 2 may be related to this 
69 kDa protein.

30.3 MOUSE HOMOLOGS OF XL35: INTELECTIN-1 AND INTELECTIN-2

The fi rst report on a mouse homolog of XL35 was the isolation of its cDNA using a large-scale in 
situ hybridization screening method. They named the protein encoded by this cDNA “intelectin,” 
since it was shown to be expressed in small intestine. The term, intelectin, is now sometimes used 
for homologs of XL35. The intelectin amino acid sequence revealed a 61% homology with XL35 
[30] (Figure 30.2). Northern blot analysis revealed the mRNA corresponding to the cDNA was 
1.2kb in length, and expression was specifi c to small intestine. The mRNA of intelectin appeared to 
be expressed in small intestine Paneth cells in situ hybridization studies. Interestingly, an intelectin 

7269_C030.indd   4527269_C030.indd   452 9/2/2008   11:16:04 AM9/2/2008   11:16:04 AM



X-Lectins: A New Family with Homology to the Xenopus laevis Oocyte Lectin XL35 453

10 20 30 40 50 60 70 80 90

100 110 120 130 140 150 160 170 180

190 200 210 220 230 240 250 260 270

280 290 300 310 320 330 340 350

FIGURE 30.2 (See CD for color fi gure.) Amino acid sequences comparisons of X-lectin family. Amino 
acid sequences of all putative homologues from various eukaryotes are shown. Sequence information was 
obtained from the published paper or GenBank database. XL35, Xenopus laevis oocyte cortical granule lectin: 
35 kDa serum, X. laevis 35 kDa serum lectin (AB061238): Lectin type 2, X. laevis lectin type 2 (AB061239): 
Silurana egg, Silurana tropicalis egg cortical granule lectin (AY079196): HL-1, human HL-1 (AY065972): 
HL-2, human HL-2 (AY065973): Intelectin, mouse intelectin (AB016496): Intelectin-2, mouse intelectin-2 
(AY217760): Lathenteron, Lathenteron japonicum lamprey serum lectin (AB055981): Halocynthia, Halocyn-
thia roretzi ascidian galactose lectin: Oncorhynchus, Oncorhynchus mykiss (rainbow trout) (AF281350): The 
identical amino acids are shown in red background characters, and similar amino acids are shown in blue 
background. (From Lee, J.K., et al., Glycoconj. J., 21(8–9), 443, 2004. With permission.)

sequence has been also identifi ed in a 10-day-old mouse pancreas cDNA library [31] (accession no: 
AK065973), and no further characterization of the protein encoded by this cDNA can be found.

Another mouse homolog, intelectin-2, has been detected by the proteomic analysis of mouse jeju-
nal epithelium and its response to infection with the intestinal nematode, Trichinella spiralis [32]. 
Intelectin-2 was cloned from BALB/c mRNA extracted on day 14 of infection of T. spiralis and was 
found to have 91% amino acid identity with mouse intelectin (now termed intelectin-1) (Figure 30.2). 
Intelectin-2 transcripts were upregulated early (day 3) during infection with T. spiralis in BALB/c 
mice and levels remained high through to day 14 (time of parasite rejection), but returned to undetect-
able levels at day 56, following resolution of infection [33]. Immunohistochemistry of jejunal sections 
followed a similar pattern, with intense labeling of goblet and Paneth cells at day 14. However, intelec-
tin-2 transcripts and protein were absent when C57BL/10 mice were infected with T. spiralis. Genomic 
polymerase chain reaction (PCR) and Southern blotting confi rmed that the intelectin-2 gene is absent 
from the C57BL/10 genome. In uninfected BLAB/c mice, mRNA for intelectin-1 was expressed at high 
levels throughout the gut, but was not detected in signifi cant amount in other tissues. Nematode infection 
did not cause any apparent change in intelectin-1 expression in the gut, however. These observations 
suggest that intelectin-2 may serve a protective role in the innate immune response to parasite infection 
and may be more similar to HL-2 function (see Section 30.4).
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Mouse intelectin-1 is also expressed in the airway epithelial cells of IL-13-overexpressing 
transgenic mice. IL-13 overexpression in a mouse model is necessary and suffi cient for the 
development for experimental asthma. These mice develop airway hyperreactivity and mucus 
overproduction. Intelectin was highly expressed (20 times in microarray and 146 times in PCR 
analysis) in airway epithelial cells from mice with asthma compared to controls [34]. Intelctin-1 in 
the airway might alter the response of subjects with asthma to infection or colonization with 
bacterial or fungal pathogens.

30.4  XL35 HOMOLOGS IN FISH HAVE IMPORTANT FUNCTIONS 
IN THEIR INNATE IMMUNE RESPONSE

In addition to human, mouse, and frog, sequence homologs of XL35 have been reported in several 
other eukaryotes, especially in fi sh (Table 30.1 and Figure 30.2), in which innate immune responses 
are the dominant defense system against pathogens. The cDNA encoding grass carp intelectin was 
isolated from a kidney cDNA library and termed gcIntL [35]. The deduced amino acid sequence of 
gcIntL consists of 318 amino acids and was about 55% identical and 74% similar to a human 

TABLE 30.1
Summary of the X-Lectin Family from Various Sources

Organisms Name
Tissues Found 

Proteins or mRNA

Proposed Biological 
Functions (Binding 

Specifi city) References

Xenopus laevis XL35 Oocyte (cortical 
granule)

Transformation of 
fertilized envelop, 
embryogenesis, bind 
to Cryptococcus 
neoformans and 
candida (galactose)

[16,17]

35 kDa serum lectin Serum ? Ishino et al. 2002

Lectin type 2 Serum ? Ishino et al. 2002

Silurana tropicalis Egg cortical granule Egg ? Lindsay et al. 2002

Lectin

Mouse Intelectin Small intestine (Paneth 
cell), epithelial

Induced by IL-13 
transgenic mice in lung

Komiya et al. 1999

Cells in lung Involved in asthma 
pathway

[34]

Intelectin-2 Paneth cells and goblet 
cells in intestinal 
epithelium

Induced by infection of 
Trichinella spiralis

[32]

Human HL-1, intelectin, 
omentin, lactoferrin 
receptor

Heart, colon, thymus, 
small intestine, visceral 
adipose tissue, Paneth 
cells, goblet cells along 
with the entire crypt-
villus axis

Recognize bacterial 
arabinogalactan of 
Nocardia, affi nity to 
d-galactose and 
d-galactofuranosyl 
residue, lactoferrin 
receptor, adipocytokine, 
increase glucose 
transport

[16,44,45,53]

- Lactoferrin receptor [50]
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homolog, HL-1 (Figure 30.2). Using real-time quantitative reverse transcriptase polymerase chain 
reaction (RT-PCR) analysis, gcIntL transcripts were signifi cantly induced in head kidney, trunk 
kidney, spleen, and intestine from lipopolysaccharide (LPS)-stimulated fi sh. RT-PCR and Western 
blotting analysis demonstrated that gcIntL mRNA and protein were detected in brain, gill, intestine, 
head kidney, trunk kidney, spleen, and heart. Furthermore, gcIntL protein could also be detected in 
gill, intestine, trunk kidney, head kidney, spleen, heart, and brain.

Yokosawa et al. investigated the defense mechanism in the ascidian Halocynthia roretzi, which 
occupies a phylogenic position between the vertebrate and invertebrates [36] (Figures 30.2 and 
30.3). They isolated several candidate defense molecules from plasma and hemocytes. Among them, 
a galactose-specifi c lectin was purifi ed from plasma and demonstrated to stimulate the production of 
superoxide anions by mammalian polymorphonuclear leukocytes [37]. The complete amino acid 
sequence of the galactose-specifi c lectin from the plasma of the ascidian H. roretzi was determined 
by sequential Edman degradation, analysis of peptide fragments derived by proteolytic fragmentation, 
and chemical cleavage of the reduced S-pyridylethylated lectin. The amino acid sequence was veri-
fi ed by cDNAs isolated from a H. roretzi hepatopancreas cDNA library. The protein consisted of a 
total of 348 amino acids, including a putative signal sequence [38]. The putative amino acid sequence 
showed ∼40% identity (∼70% similarity) to XL35 (Figure 30.2). The authors reported that this lectin 
functions as a phagocytosis-stimulating molecule [38]. Although its effect appeared to be weak, they 

TABLE 30.1 (continued)
Summary of the X-Lectin Family from Various Sources

Organisms Name
Tissues Found 

Proteins or mRNA

Proposed Biological 
Functions (Binding 

Specifi city) References

HL-2 Small intestine 
(Paneath cell)

Bind to Cryptococcus 
neoformans and 
Candida albicans

[41]

Lathenteron 
japonicum

Lamprey serum 
lectin

Serum ? Yoshimura 
et al. 2001

Ciona intestinalis Serum ? Satou et al. 2002

Oncorhynchus 
mykiss

Liver Induced by the injection 
of Vibrio anguillarum

[39]

Halocynthia roretzi Asidian galactose 
Lectin

Serum Enhance phagocytosis 
by H. roretzi

[38]

Lectin Hemocytoes

Source: From Lee, J.K., et al., Glycoconj. J., 21(8–9), 443, 2004. With permission.

FIGURE 30.3 (See CD for color fi gure.) Dendogram of the X-lectin family. Sequence were compared by 
multiple sequence alignment using the CLUSTAL W algorithm. (From Thompson, J.D., Higgins, D.G., and 
Gibson, T.J., Nucleic Acids Res., 22(22), 4673, 1994; Lee, J.K., et al., Glycoconj. J., 21(8–9), 443, 2004. With 
permission.)
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suggested that the lectin in the plasma may bind to and agglutinate invading foreign materials via 
galactose residues, which would enhance phagocytosis by the hemocytes.

Bayne et al. analyzed differentially expressed genes in the livers of Oncorhynchus mykiss (rain-
bow trout) in the course of an acute phase response using suppression subtractive hybridization of 
cDNAs from the livers of unstimulated trout and of trout given a potent infl ammatory stimulus (after 
intraperitoneal injection with a Vibrio bacterin). They isolated a cDNA of putative homolog of XL35 
along with 25 other genes thought to be potentially immune-related [39,40]. One of the isolated 
cDNAs showed a partial open reading frame of 121 amino acids that showed 46% identity (∼73% 
similarity) to the C-terminal region of XL35 (Figure 30.2). These fi ndings strongly suggest that 
adult fi sh also express at least one type of XL35 homolog in response to infection by a pathogenic 
microorganism.

Yoshimura et al. reported the cDNA sequence of a putative homolog of XL35 from lamprey, 
Lethenteron japonicum (accession no. AB055981), termed the Lampetra japonica serum lectin. This 
cDNA encoded 333 amino acids and showed 47% identity (∼75% similarity) with XL35 (Figure 
30.2). No functional studies on this lectin have been reported as yet.

Because invertebrates lack an adaptive immune system, they had to evolve effective intrinsic 
defense strategies against a variety of microbial pathogens. The innate immune system of invertebrates 
includes a hemolymph coagulation system, which participates both in defense against microbes and 
in hemostasis. In invertebrates, it has been shown that lectins present in the hemolymph play key 
roles in biological defense against invading foreign materials as nonspecifi c defense molecules [38]. 
Although X-lectin homolog function has just begun to be studied in fi sh, lamprey, and ascidian 
defense mechanism, they likely play an important role in innate immune responses.

30.5  HUMAN HOMOLOGS OF XL35 HAVE BEEN REPORTED WITH VARIOUS 
BIOLOGICAL FUNCTIONS AND NAMES: HL-1, HL-2, INTELECTIN, 
LACTOFERRIN RECEPTOR, AND OMENTIN

Since the molecular cloning of XL35, several mammalian homologs of XL35 have been identifi ed. 
Two human XL35 homologs, termed HL-1 and HL-2 [41], were identifi ed and cloned rapidly after 
XL35 cloning using the human expressed sequence tag (EST) data bank (GenBank, Accession 
number Z36760) [16,41]. These two cDNA sequences showed 85% identity to one another at the 
deduced amino acid level. The overall amino acid identity between HL-1 and XL35 was 60% 
(similarity, 74%) with a 56% amino acid identity (similarity, 74%) between HL-2 and XL35 (Figure 
30.2). The open reading frame for HL-1 was the same size as that of XL35, 313 amino acids, while 
HL-2 was predicted to have 325 amino acids. Both HL-1 and HL-2 are predicted to have signal 
peptide sequences and are encoded at chromosome 1q21.3 and 1q22–23.5, respectively, the same 
locus that encodes the selectins [42]. BLAST analysis against a human genomic DNA database 
showed the distance between the two genes encoding HL-1 and HL-2 is only 7000 base pairs, 
implying a gene duplication event was likely involved.

Northern blot analysis showed selective expression of HL-1, in heart, small intestine, colon, and 
thymus, with lower levels in ovary, testis, and spleen. Other tissues showed detectable levels of 
expression: skeletal muscle, placenta, and spleen. Colon, liver, and thymus expressed HL-1 in their 
vascular endothelial cells using immunohistochemistry on tissue sections [41]. Human aortic 
endothelial cells express HL-1 but the expression was apparently unaltered in cultured cells by the 
addition of an endothelial cell activating agent [41]. HL-2, however, was expressed only in small 
intestine [41] by Northern and PCR analysis. Using a peptide-specifi c antibody, HL-2 was localized 
by immunostaining to the Paneth cells, specialized secretory cells whose main function is in patho-
gen surveillance (unpublished data). The Paneth cells in the small intestine of most mammals pro-
duce α-defensins and other antimicrobial proteins including lysozyme, secretory phospholipase A2, 
HIP/PAP, and RegIIIγ [12,43]. Microbial colonization of germ-free mice triggers epithelial expression 
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of RegIIIγ, a secreted C-type lectin. RegIIIγ binds intestinal bacteria but lacks the complement 
recruitment domains present in other microbe-binding mammalian C-type lectins. Recently, Cash 
et al. showed that RegIIIg is by itself an antimicrobial protein that binds it bacterial targets via inter-
actions with peptidoglycan carbohydrate [12]. These fi ndings strongly implicated the involvement 
of the human homologs of XL35 in host defense against pathogens in the small intestine, thus 
making them a part of the innate immune system.

Tsuji et al. purifi ed and cloned a protein from human placenta and named this protein human 
intelectin (hIntL) [44] because of its homology to the mouse intelectin. Surprisingly, the deduced 
amino acid sequence of hIntL was the same as that of HL-1. The protein was reported to be expressed 
at very low levels as a secreted form from the rabbit kidney cell line RK-13. The hIntL/HL-1 was 
reported to be absorbed to galactose-Sepharose and was completely eluted with EDTA. About 50% 
of the absorbed HL-1 was eluted by buffers containing 100 mM galactose, N-acetylgalactosamine, or 
fructose, however. The same concentrations of mannose, glucose, N-acetylmannosamine, N-acetyl-
glucosamine, sorbose, d-fucose, l-fucose, l-rhamnose, and 2-deoxy-d-glucose did not appear to 
elute hIntL from galactose-Sepharose. The protein was also reported to be effectively eluted by 
d-pentose, d-xylose, d-ribose, and 2-deoxy-d-ribose. Interestingly, however, hIntL was not eluted 
from galactose-Sepharose by melibiose or lactose. These results demonstrated that the carbohy-
drate-binding specifi cities of hIntL (HL-1) and XL35 are distinct, but suggested that the specifi city 
was not clear. The hIntL also appeared to bind to the bacterial arabinogalactan from the cell wall of 
Nocardia ruba containing d-galactofuranosyl residues. This binding was completely inhibited by 
EDTA, d-ribose, d-galactose, and d-arabinose, but not d-glucose. Pentoses (d-ribose, d-xylose, d 
-lyxose, and d-arabinose) and d-galactose inhibited the binding of HL-1 to arabinogalactan more 
effectively than d-mannose or d-glucose. In conclusion, hIntL appears to be is a lectin that can at 
least partially recognize galactofuranose and likely plays a role in the recognition of bacteria-
specifi c component in the host.

Another report suggested a possible, additional function for HL-1. The entire coding region of 
a lactoferrin receptor cDNA was reported to be cloned by PCR, based on amino acid sequences of a 
protein from fetal intestine that bound lactoferrin [45]. Surprisingly, the amino acid sequence of this 
lactoferrin receptor was reported to be a 100% match with that of HL-1. The apparent molecular 
mass of recombinantly expressed protein in a baculovirus-insect cell system was 136 kDa under 
nonreducing conditions and 34 kDa under reducing conditions, suggesting a tetramer under native 
conditions. Phosphoinositol phospholipase C treatment indicated that the lactoferrin receptor is GPI 
anchored. The C-terminal region of the GPI-anchored proteins should consist of a predominantly 
hydrophobic region of 8–20 amino acids, which directs the addition of preformed GPI anchor. There 
is a putative cleavage site in the sequence of lactoferrin receptor/HL-1 at residue 298 that could then 
be attached to the GPI anchor. This is a very interesting observation, in light of the fi nding of Xenopus 
homologs of XL35 that were GPI-linked and involved in cell adhesion, as mentioned above [28]. In 
addition, lactoferrin is known to have a variety of antimicrobial activities [46–48]. It is possible, 
therefore, that HL-1, in its role as the lactoferrin receptor, can modulate the antimicrobial effects of 
lactoferrin [45]. Since lactoferrin also functions in the mammalian embryo [49], it is also possible 
that HL-1 expressed in the mammalian oocyte and blastula, functions as a lactoferrin receptor, and 
mediates the function of lactoferrin during fertilization and early embryogenesis. Lactoferrin bound 
to this lactoferrin receptor in a Ca2+-dependent manner during affi nity chromatography. This binding 
may involve the glycans on lactoferrin, since it is a glycoprotein, although the role of oligosaccha-
rides on lactoferrin binding to lactoferrin receptor (HL-1) was not examined. A recent publication 
suggested that lactoferrin receptors are present in both the secretory granules of lysozyme-positive 
Paneth cells in the bottom of the intestinal crypts, as well as in goblet cells along the crypt-villus axis 
[50]. But quantitatively, the major site of lactoferrin receptor localization was the enterocyte brush 
border in small intestine. This membrane is organized in stable glycolipid-based lipid raft micro-
domains and has long been known to harbor receptor for lactoferrin. Enterocytes synthesize a number 
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of brush border GPI-anchored proteins, showing this cell type harbors the enzymes required for 
anchorage of GPI in the endoplasmic reticulum. A major part of lactoferrin receptors in enterocytes 
was released by phosphatidylinositol-specifi c phospholipase C, indicating a membrane insertion by 
a GPI anchor. Interestingly, lactoferrin receptor (HL-1) was suggested to be a major component of 
microvillar lipid rafts and superrafts. This strategic localization suggests that the lactoferrin receptor 
(HL-1) serves as an organizer and stabilizer of the brush border membrane, preventing loss of diges-
tive enzymes to the gut lumen and protecting the glycolipid microdomains from pathogens [50].

Another interesting study of HL-1 (Intelectin-1) has been done on malignant pleural mesothe-
lioma (MPM), which is a fatal neoplasm with no acceptable curative approaches [51]. Serial analy-
sis of gene expression (SAGE) was used to compare the gene expression pattern of a surgically 
resected MPM to the autologous normal mesothelium. Intelectin gene overexpression (>139-fold) 
was found in the tumor. Online SAGE datasets revealed intelectin to be consistently present in meso-
theliomas, ovarian cancer, and colon cancer. Intelectin mRNA expression was found by RT-PCR in 
resected MPM tumors, and intelectin protein expression was confi rmed by immunohistochemistry 
in MPM tumors. These observations suggest that intelectin overexpression in mesothelioma could 
have potential screening, and therapeutic implications.

30.5.1 HL-1 IS A NOVEL ADIPOCYTOKINE AND ENHANCES GLUCOSE TRANSPORT: OMENTIN

Recently, a new adipocytokine expressed in human omental adipose tissue, termed Omentin, was 
reported and revealed to be 100% identical in amino acid sequence to that of HL-1 [52,53]. Omen-
tin mRNA was predominantly expressed in visceral adipose tissue and was barely detectable in 
subcutaneous fat depots in human and rhesus monkeys. Whether there exists a unique type of cell 
in the omental adipose depot or whether a unique local environment induces omentin expression 
from a specifi c cell type is not clear, since an immunohistological study has not been performed. 
Omentin is among the fi rst molecules known to exhibit dramatic difference in gene expression 
between the two major types of fat deposits. Furthermore, omentin enhanced only insulin-mediated 
glucose transport and did not stimulate basal glucose transport [53]. Very recently, Batista et al. 
showed that plasma omentin and mRNA expression levels are inversely related to obesity [54]. 
This result suggests that higher omentin levels in serum may be seen as a positive factor that 
opposes the obese state.

These observations strongly suggest that omentin is a novel adipokine that is expressed in omental 
adipose tissue in human and may regulate insulin action. It is certainly possible that omentin (HL-1) 
may be present in endothelial cells in the vessels that vascularize the fat tissue, which would be 
consistent with the location identifi ed in other tissues. Various adipocytokines (adipocyte-secreted 
hormones) have been described, which profoundly affect insulin sensitivity and might potentially 
link obesity, insulin resistance, and cardiovascular disease [55,56]. Among these, adiponectin and 
visfatin appear as insulin-sensitizing adipocytokines, whereas TNF-a, IL-6, and resistin induce 
insulin resistance. One of the adipocytokines, leptin, is a fat-derived key regulator of appetite and 
energy expenditure in mice [56]. Due to their profound effects on whole-body glucose and energy 
metabolism, omentin is attracting interest as potential new therapeutics for diabetes mellitus and 
obesity related to pathogenesis. It will be interesting to defi ne the omentin receptor on adipocytes 
and analyze the possible carbohydrate-binding specifi city of omentin to its receptor, since it is highly 
homologous to a known lectin, XL35.

30.6 CONCLUSION AND FUTURE DIRECTIONS

A new family of lectins showing signifi cant homology to the amino acid sequence of XL35 has been 
reported from several eukaryotes since the original cloning of XL35 (Figure 30.3). These fi ndings 
demonstrate that a family of lectins, homologs of XL35, is present in broad range of species. We 
have proposed the name “X-lectin” family for these homologs of XL35. In addition to its function 
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in formation of the fertilization envelope, which blocks sperm entry [22,23,27], XL35 likely 
functions as well in cell–cell or cell–matrix adhesion events in the embryo [16,20,27]. Although 
several homologs of XL35 have been discovered in lower eukaryotes, as well as human or mouse, 
studies on their biological functions and carbohydrate-binding specifi cities have not been done in 
detail (Table 30.1).

None of these proteins has the C-type lectin domain (CRD) [57], even though several have been 
shown to display binding activity to carbohydrate residues only in the presence of Ca2+. Instead of 
the CRD domain, all X-lectins, including the fi sh homologs, have a fi brinogen-like motif that is in 
the region of sequence that shows the highest degree of homology based on amino acid sequence 
alignment (Figures 30.2 and 30.4). Fibrinogen is a principal protein of vertebrate blood clotting and 
is found universally in blood from fi sh and echinoderms to mammals [58]. Early work on the evolution 
of vertebrate fi brinogen suggested a common origin of the arthropod hemolymph coagulation and 
the vertebrate blood coagulation systems. A thorough analysis of the evolution of vertebrate fi brino-
gen suggested most of the proteins bearing fi brinogen-related domains are lectins [59]. Members of 
the fi colin/opsonin/p35 lectin family also contain signifi cant homology to this fi brinogen-like motif, 
although members of this family do not share any other similarity with the X-lectins [60,61]. The 
fi colin/opsonin/p35 family of proteins are found in serum where they are thought to bind to oligo-
saccharide structures on the surfaces of microorganisms, leading to the killing of bound microbes 
through complement activation and phagocytosis [62]. Collectins also bind to a wide range of 

Mouse

Human

Frog

XL35

Silurana tropicalis
egg lectin

35 kDa serum lectin

Lectin type 2

HL-1

HL-2

Intelectin

Intelectin-2

Halocynthia roretzi asidian
galactose lectin

Oncorhynchus mykiss
(rainbow trout) lectin

Lathenteron japopnica
(lamprey) serum lectin

Substitutions per 100 residues

5.0

FIGURE 30.4 Comparison of fi brinogen-like motif between homologues of XL35 and fi colin/opsonin/p35 
lectin family. The conserved fi brinogen-like motif in X-lectins may function in carbohydrate recognition. 
Only fi brinogen-like motif regions were compared: XL35, amino acids 66–134; HL-1, 66–134; HL-2, 77–165; 
mouse inteletin-1, 66–134; Fibrinogen-beta chain, 267–134; fi colin-1, 142–200; Hakata antigen, 117–175; 
p35, 129–187. Identical amino acids are shown in gray background characters and similar amino acids are 
shown in black. (From Lee, J.K., et al., Glycoconj. J., 21(8–9), 443, 2004. With permission.)
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sugar residues in a Ca2+-dependent manner. In addition, fi colins bind to sugar residues that are 
rich on microbial surfaces, for example, N-acetyl-d-glucosamine, in a calcium-dependent manner 
[63]. Therefore, the conserved fi brinogen-like motif in X-lectins may function in carbohydrate 
recognition, as well.

Intestinal Paneth cells are the major producers of multiple peptides and proteins with antimicrobial 
activity in the intestine [64]. The most abundant and diverse of these are the defensins. They are 
highly microbicidal in vitro and probably important in vivo, yet their physiologic functions and 
mechanisms remain incompletely understood. Relative defensin defi ciency may be a risk factor for 
Crohn’s disease and infectious diarrhea. Antimicrobial lectins, particularly the hepatocarcinoma-
intestine-pancreas/pancreatic-associated protein, RegIIIγ can lyse bacteria or interfere with their 
attachment to epithelial cells [12]. As discussed, several groups have shown that X-lectins members 
are expressed in mammalian Paneth cells. This location strongly suggests that mammal X-lectins 
function as a type of antimicrobial or microbicidal proteins secreted in Paneth cells in response to 
pathogens. Notably, the interactions of XL35 itself, after release from the cortical granules in 
complex  and cross-linking with its high molecular weight glycoprotein ligand, participates in the 
formation of the fertilization membrane. This structure functions in the block of polyspermy, but 
may function as well as a barrier to microbial infection of the embryo.

It is likely that pathogenic infection can cause the induction of their transcription and release of 
members of the XL35 family from specialized vesicles. Some members are involved in the 
surveillance  of the pathogens in the innate immune reaction, and their activities may involve 
opsonization, immobilization, or agglutination of the pathogens. The reg family is an example 
among proteins that have those biological functions. The reg gene family encodes a diverse group of 
secreted proteins that contain the conserved sequence motif found in C-type lectin domains. They 
bind to bacteria, but lack the complement recruitment domains present in other microbe-binding 
mammalian C-type lectins. Defi nition of the mechanisms of microbial cytotoxicity and carbohy-
drate-binding specifi cities  will facilitate development of possible novel antimicrobial therapeutics 
based on this new lectin family. Importantly, as the X-lectins may recognize invariant saccharide 
components of pathogens, these molecules may be involved in the rapid recognition and control of 
microbial pathogens at the “front lines” of the innate immune response.

Very recently, HL-1 has been shown to function as a new member of the adipocytokine family 
in humans. Since there is now a link between several adipocytokines and the immune response [65], 
it is intriguing to speculate that through a gene duplication event, a cytotoxic lectin involved in the 
innate immune system (HL-2) gave rise to a homolog (HL-1), which is expressed in a subset of 
endothelial cells, including omental endothelia, which evolved to function as an adipocytokine. It 
will be very interesting to determine if HL-1 has retained a true carbohydrate-binding specifi city for 
its receptor on adipocytes, or whether its ligand is completely peptide in nature, or a hybrid of peptide 
and glycan, such as observed with P-selectin, which binds portions of both the sialylated Lewis X 
glycan and sulfated tyrosine residues on its ligand, PSGL-1.
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31.1 INTRODUCTION

Interactions between humoral or cell-associated lectins with the exposed glycans on the cell surface 
of potential pathogens are considered key components of the innate immune response of vertebrates 
and invertebrates [1–4]. Lectins are generally organized as oligomers of noncovalently bound 
subunits, each displaying a carbohydrate recognition domain (CRD) that binds to the sugar ligand, 
usually a nonreducing terminal monosaccharide or oligosaccharide. Although lectin–ligand 
interactions are relatively weak as compared with other immune recognition molecules, high avidity 
for the target is achieved when multiple CRDs interact with ligand simultaneously [5]. In soluble 
collectins [2] such as the mannose-binding lectin, the subunits possessing a single CRD associate to 
form a “bouquet”-like oligomer with all CRDs facing the potential target surface. However, in the 
“cruciform” organization of the conglutinin subunits, the single CRDs are arranged in a manner that 
can also cross-link multiple targets. A less frequent organizational plan is the presence of tandem 
CRDs encoded within a polypeptide, such as observed in the macrophage mannose receptor [6], 
immulectins [7], and tandem repeat-type galectins [8].

Several lectin families representing distinct signature sequence motifs and structural folds, such 
as C-type [9], peptidoglycan recognition proteins [10], fi colins [11], pentraxins [12], and most 
recently galectins [13], have been implicated in immune surveillance. The F-type lectins, fucose-
binding lectins found in ectothermic vertebrates, protochordates, and invertebrates are the most 
recent lectin family to be identifi ed, characterized by unique fucose- and calcium-binding sequence 
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motifs [14]. Some of its members have been proposed to mediate immune recognition [15,16]. 
Resolution of the structure of the fucose-binding lectin from European eel (Anguilla anguilla 
agglutinin; AAA) also revealed a novel lectin fold (the “F-type” fold) ([17]; see also Chapter 2). 
This novel lectin family comprises a large number of proteins present from prokaryotes to vertebrates, 
exhibiting single, double, or greater multiples of the F-type motif, either tandemly arrayed or in 
mosaic combinations with other domains, yielding subunits of variable sizes even within a single 
species [14–16]. This widespread, heterogeneous distribution of the F-type domain suggests an 
extensive structural–functional diversifi cation of this lectin family. Interestingly, the F-type fold is 
also shared with several proteins of distinct functional properties, including the C-terminal domain 
of human blood coagulation factors V [18] and VIII [19], the C-terminal domain of bacterial siali-
dases [20], the N-terminal domain of a fungal galactose oxidase [21], a human ubiquitin ligase 
subunit [22], a domain of the single-strand DNA break repair complex [23], the b1 domain of neu-
ropilin [24], and the yeast allantoicase [25]. The structural analogy of these seemingly unrelated 
proteins is indicative of the archaic origin of this lectin fold.

Although preliminary searches in the sequence databases suggest that AAA-like proteins 
possessing multiple CRDs are phylogenetically widespread, so far only a few have been charac-
terized biochemically or structurally. The fucose-binding lectin (MsaFBP32) isolated from serum 
of the striped bass (Morone saxatilis) is composed of two tandem domains that exhibit the F-type 
sequence motif [26]. Among the tandem lectins, MsaFBP32 and other tandem binary homologs 
appear unique in that although their N-terminal domain shows close similarity to the fucose 
recognition domain of the eel agglutinin, their C-terminal domain exhibits changes that poten-
tially could confer a distinct specifi city for fucosylated ligands. The F-type lectin (SauFBP32) 
from the serum of the gilt head bream Sparus aurata has recently been purifi ed and characterized 
[27]. The SauFBP32 strongly cross-reacts with the fucose-binding lectin from the sea bass 
(Dicentrarchus labrax), indicating that the latter may be member of this emerging family of 
lectins [27,28].

31.2 STRUCTURAL ASPECTS OF F-TYPE LECTINS

The F-type lectin fold, described for the fi rst time in the AAA-α-l-fucose (α-Fuc) complex, consists 
of a β-jelly roll sandwich composed of two β-sheets of three- and fi ve antiparallel β-strands (Figure 
31.1A) (17; see also Chapter 2). However, similar to collectins, the native structure of the AAA is a 
homotrimer (Figure 31.1B).

31.2.1  CARBOHYDRATE-BINDING SITE OF THE F-TYPE LECTIN: STRUCTURAL 
BASIS OF PROTEIN–CARBOHYDRATE INTERACTIONS

As the lectin was cocrystallized with its ligand, α-Fuc, the structure revealed not only the nature of 
the amino acids that mediate recognition of the carbohydrate ligand, but also the type of interactions 
that are established. Binding to α-Fuc is mediated by hydrogen bonds from a trio of basic side 
chains that emerge from a shallow pocket and van der Waals contacts with a unique disulfi de bridge 
formed by contiguous cysteines. The lectin establishes interactions with the ring O5 and the equato-
rial 3- and axial 4-OH groups of the α-Fuc using the nitrogen atoms of three conserved residues: 
Nε of His52 and the guanidinium groups of Arg79 and Arg86 (Figure 31.1C). van der Waals interac-
tions are established between the disulfi de bridge formed between consecutive cysteine residues 
(Cys82 and Cys83) and the bond between ring atoms C1 and C2 of the monosaccharide, and the C6, 
which docks loosely in a hydrophobic pocket, stacking against the aromatic rings of two residues 
His27 and Phe45. These residues, together with the residues Leu23 and Tyr46, form the binding 
pocket. Although AAA preferentially binds α-Fuc, it also binds 3-O-methyl-d-galactose (also 3-O-
methyl-d-fucose), a galactose derivative that has topologically equivalent hydroxyls (i.e., axial 
hydroxyl on C4) and a hydrophobic moiety similar to α-Fuc (Figure 31.1D).
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FIGURE 31.1 (See CD for color figure.) Crystallographic model of Anguilla anguilla agglutinin. 
(A) Ribbon diagram of AAA with helices colored magenta and β-sheets colored yellow. Bound α-Fuc is 
shown as a stick model above the lectin. Calcium is shown at right as a white sphere. Chlorine atom is illustrated 
by a green sphere. (B) Quaternary structure of AAA. The single chlorine ion marking the threefold axis of 
rotation is coordinated by a lysine (Lys16) from each subunit. (C) AAA binding to α-Fuc. (D) Docking 
of 3-O-methyl-d-galactose in AAA–α-Fuc complex. Additional interactions are possible with amino acid 
residues in the loops surrounding the binding pocket. (E) Amino acid sequence alignment of FTLD isoforms 
from the Japanese eel. The variability of critical residues in the binding pocket and surrounding loops in the 
multiple isoforms may contribute alternative interactions with terminal and subterminal sugar units and thus 
expand the range of diverse oligosaccharides recognition by the lectin isoform repertoire.

7269_C031.indd   4677269_C031.indd   467 9/6/2008   2:48:24 PM9/6/2008   2:48:24 PM



468 Animal Lectins: A Functional View 

31.2.2 EXTENDED CARBOHYDRATE-BINDING SITE

Additional interactions of residues in the loops, designated CDR1–5 by analogy to immunoglobulin 
complementarity determining regions (CDRs), which surround the binding pocket of AAA with 
subterminal sugars of the blood group H type 1 (Fucα1–2 Galβ1–3GlcNAcβ1–3Galβ1–4Glc) and 
Lea (Galβ1–3[Fucα1–4]GlcNAcβ1–3Galβ1–4Glc) trisaccharides allow fi ne discrimination of its 
cognate glycoconjugate ligands. Glu26 and His27 on CDR1 can recognize the equatorial 
hydroxyls (3-OH and 2-OH) in Gal and oxygen of the GlcNAc 2-N-Acetyl group in Lea, or 
GlcNAc 6-OH and 4-OH groups in H. The OH group of Tyr46 in CDR2 can coordinate the 
glycosidic bond oxygen between Gal and GlcNAc moieties. Additionally, Asp81 and Arg79 in 
CDR4 may interact with the GlcNAc 6-OH group in Lea and a water molecule observed in the 
structure of AAA–Fuc complex (W2) may bridge between Gal 4-OH group and Asp81 in H. 
In Lex the 2-N-acetyl points toward the Fuc side of the trisaccharide impeding the adjustment of 
the Gal to remove clashes with the CDR1. It is the rigidity of the CDR1 loop that prevents binding 
of AAA to this trisaccharide. F-lectins other than the AAA contain a shorter CDR1, lacking fi ve of 
the residues that form 310-helix h2. This erases the loop protruding feature observed in AAA, 
reducing or eliminating interactions between CDR1 and the putative oligosaccharide antennae 
and perhaps broadening the specifi city of these fucolectins for Lex oligosaccharides [17]. Organ-
isms other than bacteria conserve the cysteines involved in the two interstrand disulfi de bridges of 
AAA (50–146 and 104–128).

31.2.3 DIVERSITY OF CARBOHYDRATE-BINDING SPECIFICITY

The presence in single individuals of multiple F-type lectin isoforms, with amino acid substitutions 
at positions revealed by the structural analysis as key for ligand binding (Figure 31.1E) suggests 
potential diversity in recognition, a critical feature for proteins that mediate immune defense. Vari-
ability of critical residues in the binding pocket and surrounding loops in the multiple isoforms, as 
expressed in the Japanese eel [15], suggests that alternative interactions with terminal and subtermi-
nal sugar units may expand the range of diverse oligosaccharides recognized by the lectin isoform 
repertoire [17]. This is an intriguing observation for a protein proposed to mediate the recognition 
of potential microbial pathogens. The trimeric nature of the native structure of AAA (see Figure 
31.1B) suggests that avidity is enhanced through cooperative ligand binding. Further, the threefold 
cyclic symmetry of the native AAA, very similar to that observed in collectins [29], would optimize 
the spacing and orientation of binding sites for recognition of glycoconjugates displayed on micro-
bial surfaces. It is noteworthy that the distances between binding sites in the AAA trimer (26 Å) are 
about half those in mannose binding lectin (MBL) (54 Å), suggesting that they bind to differently 
arrayed surface glycans on the surface of microbes. Therefore, although F- and C-type lectins may 
recognize the same monosaccharide (MBL also binds fucose), their affi nity for different microor-
ganisms may be distinct, thereby expanding the immune recognition spectrum in those species that 
are endowed with both lectin types.

31.2.4 ROLE OF CALCIUM ATOM

In the 3D structure of F-type lectins, a calcium atom was identifi ed as such based on coordination 
geometry and distance within a region rich in short 310 helices. The calcium ion is heptacoordi-
nated by oxygens contributed by both the peptide backbone and side chains from semicontinuous 
residues in a pentagonal bipyramidal geometry. In contrast to C-type lectins, in AAA calcium 
appears to play a role in structural stabilization, rather than participating in direct cation–saccharide 
interactions. F-lectins that require calcium for binding activity, such as Tachylectin-4 [16] and 
the Japanese eel lectin [15], form larger order assemblies, which may be susceptible to calcium 
chelation.
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31.3 EVOLUTIONARY ASPECTS OF F-TYPE LECTINS

The F-type lectins were identifi ed in a variety of taxa from prokaryotes to amphibians. However, the 
F-type lectin sequence motif appears to be absent from protozoa, fungi, nematodes, ascidians, and 
higher vertebrates such as reptiles, birds, and mammals [26].

31.3.1 F-TYPE LECTIN FAMILY: DOMAIN TOPOLOGY

Despite the fact that AAA and MsaFBP32 possess one and two F-type lectin domains (FTLDs), 
respectively, substantially diverse domain topologies, in some cases lineage-related, were identifi ed 
based on sequence alignments of the F-type lectin motif [26] (Figure 31.2). For example, most teleost 
F-type lectins contain either duplicate or quadruplicate tandem domains, whereas in Xenopus spp., 
these lectins are composed of either triplicate or quintuple tandem F-type domains. Clearly, the 
F-type fold with its joined N- and C-terminals favors the formation of concatenated CRD topologies 
in numbers that appear lineage-related. These tandem arrays may yield mosaic proteins by including 
pentraxin (Xenopus laevis) or C-type domains (Drosophila melanogaster CG9095, malarial mos-
quito, and honey bee).

The F-type sequence motif is also present in both lophotrochozoan (i.e., molluscs and planaria) 
and ecdysozoan protostomes (i.e., horseshoe crabs and insects), invertebrate deuterostomes (i.e., 
echinoderm), elasmobranchs (i.e., skate), lobe- and ray-finned teleost fish, and amphibians 
(i.e., X. laevis and salamander) [3,14,26]. The F-type lectin sequence motif is not restricted to 
eukaryotes; homologs were identifi ed in both Gram positive (i.e., Streptococcus pneumoniae) 
[30,31] and Gram negative (i.e., Microbulbifer degradans) [32] eubacteria. The absence of the 
F-type lectin sequence motif in protozoa, fungi, nematodes, ascidians, and higher vertebrates 
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FIGURE 31.2 (See color insert following blank page 170. Also see CD for color fi gure.) Domain architec-
ture of the F-type lectin family. FBPL, FBP-like lectin; UNK, unknown; FAC5/8, coagulation factors V and VIII; 
PXN, pentraxin; CCP, complement control protein; TMB, transmembrane. The subscript “n” indicates the extended 
number of CCP domains present in furrowed. Numbers indicate: 1, A. anguilla agglutinin (AAA); 2, MsaFBP32; 3, 
X. tropicalis; 4, S. pneumoniae; 5, M. degradans; 6, O. mykiss; 7, Xla-PXN-FBPL; 8, CG9095, furrowed.
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suggests that it may have been selectively lost even in relatively closely related lineages. The paucity 
of bacteria possessing F-type CRDs suggests that it may have either been acquired through horizon-
tal transfer from metazoans, or less likely, that most prokaryote lineages lost this CRD. Even the 
multiple duplicate tandem homologs present within modern teleost orders appear to be the product 
of independent duplications. The mottled phylogenetic distribution, diverse temporospatial expres-
sion, and varied domain architecture of the F-type family members point to a functionally plastic 
CRD, which has been specifi cally tailored in each lineage, and apparently lost its fi tness value in 
some taxa. The absence of the F-type CRD in higher vertebrates is an evolutionary quandary that 
correlates with the appearance of cleidoic egg and the colonization of land by vertebrates [14,26].

31.3.2 SEQUENCE VARIANTS OF THE F-TYPE CRD

The 3D structure of AAA-α–Fuc complex enabled the thorough analysis of variations in the F-type 
sequence motif, focusing on positions relevant for ligand binding, metal binding, or tertiary structure. 
Sequence alignments revealed that most CRDs shared the α-Fuc-binding motif (HX24RXDX4(R/K) 
suggests that most F-type lectins bind this saccharide. Some CRDs, however, deviate from this motif, 
suggesting alternate specifi cities or even lack of saccharide-binding activity. An example is the 
Drosophila CG9095, where two residues of the sugar-binding triad are mutated to aliphatic residues 
unable to produce the H-bonds typical of the F-type CRD. This reduces the likelihood that the domain 
binds sugar, coinciding with the observation that CG9095’s C-lectin domain is also unlikely to bind 
carbohydrate. The case of both domains of the binary DreV appears to be extreme since a large 
deletion is present in the CDR4 loop, which would most likely abrogate α-Fuc-binding. Another inter-
esting pattern is that most duplicate tandem F-type lectins (i.e., striped bass, zebrafi sh, pufferfi sh, and 
stickleback) possess a unique combination of saccharide-binding motif and cystine bonds (N-terminal: 
CXHX24RGDCCXERXX16XX22C and C-terminal: CXHX24RDXXXERCX16CX22C). Specifi -
cally, one domain has lost the contiguous cystines that contact the saccharide ring while it gained 
the nested cystine. It is not clear what effect the loss of this cystine has on binding since the 
alkaline residue trio is conserved, but the predominance of this character only among duplicate tandem 
F-type lectins suggests that it has functional relevance. Future recombinant expression of individual 
domains should allow biochemical confi rmation of these possible alternate specifi cities [14,26].

Unlike the carbohydrate-binding cleft of AAA, analysis of replacements of metal-binding 
residues is not clear because most interactions are provided by main-chain carboxyls and their 
conservation probably relates more to their confi guration in the folded protein. However, differing 
degrees of conservation are evident for the three positions that interact through side-chains. Serine 
49 is of special interest, since as a bidentate ligand, it is central to the pentagonal bipyramidal 
coordination geometry. In a few cases, this position is substituted with nonalcohol residues unable 
to produce the bidentate coordination (i.e., His, Asp, Pro, Gly, and Val). In most others, however, it 
is substituted by residues possessing oxygens (i.e., Asp, Gln, Glu, Thr, and Tyr) that likely are still 
able to form coordination bonds. In the former cases, it is possible that a water molecule may sub-
stitute in coordination, or there is a modifi cation of the coordination geometry. A coordination 
number of six produces an octahedral geometry, which for Ca2+ is still permissible, as exemplifi ed 
by several solved protein structures [33]. Nevertheless, there appears to be a strong selection for 
heptacoordination in F-type lectins to stabilize the large helix-rich loop. Similar support is given by 
the absolute conservation seen for Glu147, which also provides a side-chain ligand [14,26].

Like other proteins, sequence insertions or deletions (indels) are most permissible in loops 
where they have minimal effect on the core fold. Such is the case for the F-type lectin CDRs, where 
various indels reside. Interestingly, the CDR1 loop, which appears to interact with saccharides sub-
terminal to α-Fuc, shows great divergence, suggesting that it might regulate binding to a wide diver-
sity of glycoconjugates. Coincidentally, the intron that splits the exons coding for each domain of a 
binary CRD F-lectin from striped bass is localized close to the long irregular turn at the lower side 
of the barrel, which also presents length variability (in AAA: Glu123–Cys124), but it does not 
appear to be subject to junctional diversity during splicing [14,26].
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31.3.3 PHYLOGENY OF THE F-TYPE FOLD: EVOLUTIONARY CO-OPTION

Although the F-type lectin fold is unique among animal lectins, a structure-based search identifi ed 
seven nonlectin proteins with negligible sequence similarity to F-type lectin motif, but shared the same 
jellyroll fold with AAA (Figure 31.3). These are the C domains of human blood coagulation factors V 
(FA58C) and VIII (PDB 1CZT) [34], the C-terminal domain of a bacterial sialidase (PDB 1EUT) [35], 
the NH2-terminal domain of a fungal galactose oxidase (PDB 1GOF) [36,37], a subunit of the human 
APC10/DOC1 ubiquitin ligase (PDB 1XNA) [38], the N-terminal domain of the XRCC1 single-strand 
DNA repair complex (PDB 1JHJ) [39], and a yeast allantoicase (PDB 1SG3) [40]. Curiously, the 
FA58C domain of identical structure is present next to the F-type domain in the M. bulbifer protein 
previously described. In most of these proteins the AAA-like domain appears to mediate binding. 
However, allantoicase is the fi st reported analog to exhibit intrinsic enzyme activity [14,17].

The F-lectin analogs in higher vertebrates may have originated from carbohydrate-binding 
domains, which later evolved new specifi cities. It also appears that all of these families share the 
placement of their binding site among the loops at the opening of the β-barrel. The FA58C domain, 
present as a tandem repeat at the C-terminal of part of multidomain circulating coagulation factors, 
is similar to the discoidin (DS) domain [41] named for a lectin from the slime mold [42,43] for 
which the binding site has not been determined. Interestingly, like the F-type domain, the FA58C 
domain is also frequently found as tandem replicates. However, its sequence is studded with hydro-
phobic residues that enable binding to cell surface phospholipids instead of saccharides [44]. In 
contrast, the b1 domain of neuropilin-1 receptor [45], a DS homolog, is devoid of the hydrophobic 
spikes and instead presents a polar cleft. Another set of DS homologs, the DS domain receptors [46], 

FIGURE 31.3 (See color insert following blank page 170. Also see CD for color fi gure.) AAA shares 
structural similarity with diverse proteins. Green, AAA (PDB 1K12); Yellow, fungal galactose oxidase (PDB 
1GOF); Gray, bacterial sialidase (PDB 1EUT); Blue, C2 domain of coagulation factor V (PDB 1CZT); Red, 
anaphase-promoting complex (PDB 1JHJ); Magenta, DNA single-strand break repair complex (PDB 1XNA). 
Inset: Overlay of yeast allontocaise (cyan) to the eel lectin.
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which possess tyrosine kinase-signaling domains, are activated by binding to collagen [47]. It is 
evident from these examples that the animal DS domains have evolved to bind a diversity of ligands 
other than saccharides. Among the remaining structural analogs, the only jellyroll proteins of cyto-
plasmic localization [36] do not appear to bind glycoconjugates either. For XRCC1, the binding site 
for single-strand DNA breaks was mapped to a groove at the top of the barrel, but does not appear 
to involve interactions with the glycoside backbone. Although no binding activity has been attrib-
uted to APC10/DOC1 domain, the variable loops suggest it has a putative ligand. Curiously, the 
presence of a cation-binding loop is variable among these structural analogs since no cation has been 
detected in the structures FA58C, APC10/DOC1, or XRCC1 [14,17,26].

In summary, binary FBPLs have diversifi ed through lineage-dependent gene duplications and 
speciation events producing a combination of paralogous relationships unique to teleosts. In contrast, 
in Xenopus spp. frogs not only are single domain F-type lectins expressed but also combinations of 
two, three, four, and chimeric protein-containing fi ve tandem F-type domains adjacent to a pentraxin 
domain. Clearly, Xenopus spp. exhibits a greater diversity of F-type lectins than the pufferfi sh. 
Despite the diversity evident in this early tetrapod, however, no homologs are detectable in genomes 
of higher vertebrates, including reptile and avian representatives. This observation begs the question 
if this lectin family is uniquely restricted to invertebrates and cold-blooded vertebrates and was 
subsequently lost as such above the level of the amphibians. Specifi cally, the F-lectins may have 
either became truly extinct or have been co-opted into other biological roles, which in the course of 
evolution may have imposed structural constraints such as proposed for the C-1 and C-2 domains 
of the coagulation factors V and VIII [14,18,26].

31.4 CONCLUSIONS AND FUTURE DIRECTIONS

Experimental evidence and similarity search using available genomic databases have enabled greater 
insight into the diversity and complexity of lectin repertoires in invertebrates, protochordates, and 
ectothermic vertebrates. The identifi cation in these taxa of members of the lectin families typical of 
mammals has resulted in the discovery of novel structural features, most likely revealing functional 
adaptations along the lineages, leading to the higher vertebrate taxa. Further, the identifi cation of 
novel lectin families such as the F-type lectins underscores the fact that more research in nonmam-
malian model organisms will provide new information on both the structural, functional, and evolu-
tionary aspects of lectin repertoires that may not be as obvious in mouse or humans. For example, 
elucidation of the detailed structural aspects of eel lectin–ligand binding and the potential of its 
multiple isoforms to achieve substantial diversity in oligosaccharide binding provides the structural 
basis for a tantalizing novel mechanism for generating diversity for nonself recognition in innate 
immunity, which resembles those operative through adaptive immunity in higher vertebrates. The 
ongoing genome, transcriptome, and proteome projects on additional model organisms representa-
tive of nonmammalian taxa will reveal not only the extent of their full lectin repertoires, but coupled 
to the structural analysis of selected components has the potential to uncover novel structural fea-
tures on which a rigorous experimental assessment of their biological roles may be supported. In this 
regard, because of its external fertilization, rapidly developing transparent embryos, variety of estab-
lished techniques for manipulation of gene expression, and a growing collection of mutations affect-
ing early embryonic development that have been characterized and mapped, zebrafi sh may constitute 
an alternative model of choice for the elucidation of the biological roles of F-type lectins in embryo-
genesis and innate immunity.
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32.1 INTRODUCTION

The concept that invertebrates employ lectins to mediate nonself recognition in an immune context, 
proposed decades ago [1,2], holds true to date. Extensive experimental data in the literature and in 
sequence databases confi rm that both invertebrate and vertebrate organisms use lectins as pattern 
recognition molecules (PRMs) to detect pathogen-associated molecular patterns (PAMPs) and acti-
vate defense responses [3–6]. In the absence of lymphocyte-derived defense components (T-cells, 
B-cells, antibodies, and T-cell receptors) [7], invertebrates may rely extensively on lectin-mediated 
pattern recognition of pathogens for their defense.
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The internal defenses and the lectin-based, nonself recognition capabilities of gastropod 
molluscs have long been studied in the context of understanding why snails such as 
Biomphalaria glabrata support the larval development and transmission of digenetic 
trematodes such as the schistosome parasites that cause the widespread, debilitating human 
disease, schistosomiasis [8,9]. A multitude of studies have demonstrated the presence of vari-
ous carbohydrate-specific agglutinating activities ascribed to lectins in the blood and tissues 
of snails [10–13]. Application of molecular techniques has made it feasible to characterize 
and identify many snail lectins at the level of nucleotide and amino acid sequence. Moreover, 
lectin sequences can be considered from the vantage point of comparative immunology and 
genomics. Targeted experiments and broad-scale gene discovery efforts have revealed lectins 
from snails including, but not limited to, galectin (see GenBank accession number EE722624), 
incilarin [14], C-type lectins including selectins [15–17], sialic acid binding lectin (SBL) 
[18], Group 1 and 2 molecules (G1M and G2M), and fibrinogen-related proteins (FREPs) 
[19–22].

Detailed studies aimed at characterization of FREPs as one particular group of lectins 
from B. glabrata were among the first to provide the insight that an ancestral function of 
fibrinogen-related domains (FReDs) may have been in nonself recognition of carbohydrates. 
Here we provide a brief overview of the role of FReDs in internal defense across the animal 
phyla, recount the discovery and basic structural features of FREPs, and discuss their role in 
defense responses against trematodes. We next consider the extensive diversity of these FReD-
containing lectins from B. glabrata, explore the implications of this diversity for innate-type 
immunity across animal phylogeny, and conclude with a discussion of some remaining mysteries 
of FREP biology.

32.2  FIBRINOGEN-RELATED DOMAIN: A LECTIN DOMAIN BROADLY 
DISTRIBUTED AMONG ANIMALS, WITH AN INTERESTING HISTORY

Lectins have a wide variety of structural features that serve as carbohydrate-binding motifs [23]. For 
example, the carbohydrate-binding ability of some lectins, such as the fi colins, is ascribed to their 
FReD [24]. The crystal structure of the FReD-containing lectin tachylectin 5A, from the horseshoe 
crab Tachypleus tridentatus (Figure 32.1), confi rms that binding to the carbohydrate N-acetyl-
d-glucosamine (GlcNAc) can be accomplished via the FReD [25].

FReDs contain 24 canonical amino acids, mostly hydrophobic and including four cysteines [26]. 
Protein families containing FReDs include the fi brinogens, tenascins, microfi bril-associated pro-
teins, fi colins, tachylectins, and FREPs, the latter three being relevant to the topics of internal defense 
and a role in self/nonself recognition. As we and others have noted previously [21,25,27], the pri-
mordial function of the FReD domain in animals appears to have been in innate immunity and it 
continues to function in this capacity in both extant invertebrates and vertebrates (see Figure 32.2 for 
a summary).

In addition to innate immunity, FReD-containing proteins are also involved in development in 
invertebrates [29,30]. Based on the observation of a FReD-containing protein in the sponge Suber-
ites domuncula that recognizes (1→ 3)-beta-d-glucan, which was interpreted to provide a molecular 
mechanism for recognizing fungi [31], it is likely that their role in innate immunity preceded their 
role in development.

The role of the best known of all FReD-containing proteins, the α, β, and γ fi brinogens 
involved in blood coagulation in vertebrates [25,32], would seem to represent a fascinating 
co-opting of this domain for quite a different function. As the vertebrate hemostasis system is 
complex, suffi ciently so to have lead some to invoke divine intelligence in its design (see discussion 
by Aird [33]), this represents an example of the evolution of a highly regulated and multi-
factorial system.
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32.3  FREPs FROM B. GLABRATA AS AN EXAMPLE OF FReDs: 
THEIR DISCOVERY AND BASIC STRUCTURAL FEATURES

Biomphalaria glabrata has attracted considerable attention because of its role as an intermediate 
host for the digenetic trematode Schistosoma mansoni, one of six species of this genus implicated in 
causing human schistosomiasis, a disease that still affl icts 200 million people, mostly in tropical 
Africa and South America [8,9]. As part of ongoing investigations to understand the internal defense 
system of B. glabrata and how it resists schistosome infection, another trematode, Echinostoma 
paraensei, which also infects B. glabrata, has frequently been used to probe the snail’s defense 
responses as well. Studies employing E. paraensei have proven useful because this trematode 
species often provokes different and more conspicuous defense responses from B. glabrata than 
does S. mansoni [19,34].

It was noted that addition of secretory–excretory products (SEP) derived from cultured sporo-
cysts of E. paraensei to the cell-free hemolymph (plasma) of snails previously exposed to this para-
site provoked a conspicuous precipitation response in the plasma, a response not provoked in plasma 
from unexposed control snails. The precipitate was highly enriched in a 65 kDa band of snail origin 
(Figure 32.3). This precipitation reaction is inhibitable by the Ca2+ chelators EDTA and EGTA and 
the sugar l-fucose, prompting the conclusion that the polypeptides comprising this band are 
Ca2+ -dependent lectins [21], typical of other FReD lectins. The 65 kDa band was subsequently collected, 

TL-5A PTDCADILLNGYRSSGGYRIWPKSWMTVGTLNVYCDMETDGGGWTV
PT+C D                        L V CD  TDGGGWT+

FREP4 PTSCRDVISTEDRVVVTLA---------SGLEVMCDTTTDGGGWTI

TL-5A IQRRGNYGNPSDYFYKPWKNYKLGFGNIEK-DFWLGNDRIFALTNQ
QRR   G  S  FY+ WK Y+ GFG+    +F+LGN  IF  LT+

FREP4 FQRRFN-G--SIDFYRDWKEYRDGFGDYNIGEFYLGNENIFNLTSS

TL-5A RNYMIRFDLKDKENDTRYAIYQDFWIENEDYLYCLHIGNYSGDAGN
R Y +RFDL + EN   +A Y DF + +E+  Y L IG+YSG+AG+

FREP4 RKYELRFDL-EYENKKYFAHYSDFKLLDENNKYKLIIGSYSGNAGD

TL-5A SFGRHNGHNFSTIDKDHD-THETHCAQTYKGGWWYDRCHESNLNGL
S  RH    F+T DKD+D +   +CA   +G WWY  C + NLNG

FREP4 SMRRHVNKFFTTFDKDNDDSPNDNCAIIRRGAWWYQNCADVNLNGN

TL-5A YLNGEHNSYADGIEW---RAWKGYHYSLPQVEMKIRPVEFNIIGN
+  GE     DG+ W     W+   +S    E+KIR +

FREP4 WGRGE----PDGVFWDNITVWESVSFS----EIKIREI-------

C(A)

N(A)

GlcNAc
Tachylectin 5A

(A) (B)

FIGURE 32.1 (See CD for color fi gure.) (A) Lectin function of a FReD. This three-dimensional crystal 
structure shows the calcium-dependent binding of GlcNAc by the FReD of tachylectin 5A, a nonself recognition 
lectin from the invertebrate Tachypleus tridentatus (Japanese horseshoe crab) (17982, Molecular Modeling 
DataBase MMDB.) Superimposed on the white tube-style rendering of tachylectin 5A (TL-5A) are identical 
black and similar gray amino acid residues of the FReD of FREP4 of B. glabrata (AY012701) according to the 
alignment shown in B. N(A) and C(A) identify the terminal amino acids, GlcNAc: N-acetyl-d-glucosamine. 
The gray sphere labeled Ca denotes the calcium ion. (Adapted from Kairies, N., et al., Proc. Natl Acad. Sci. 
USA, 98(24), 13519, 2001.) (B) FREP4 is one member of an extensive gene families of FreD-containing 
calcium-dependent lectins from the hemolymph of B. glabrata. The sequence similarities shown concord 
with the notion that both FreDs function as lectins. Gaps in the alignment may refl ect phylogenetic distance of 
the organisms from which the sequences were derived, and perhaps also differences in carbohydrate specifi city. 
No crystal structure is available for FREP4. Brackets indicate cysteine residues that form intrachain disulfi de 
bonds, the calcium-binding site is indicated by a dashed box and the carbohydrate-binding region is 
underlined.
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subjected to Edman degradation, and shown to contain peptides with homology to fi brinogen [20,34]. 
These peptide sequences were used to make degenerate primers that were used to amplify more 
complete sequences from genomic DNA of B. glabrata. These amplicons were used to probe and 
isolate complete coding sequences from a B. glabrata cDNA library. Surprisingly, the sequences 
obtained revealed the presence of both a C-terminal FReD and an N-terminal IgSF domain. These 
molecules were christened fi brinogen-related proteins, or FREPs, at the time [21]. The original 
FREP comprising the 65 kDa band has since been identifi ed as FREP4.

Since then, a series of studies [20,22,35–39] have revealed additional FREPs, now arrayed in 13 
subfamilies [37]. Initially subfamilies were numbered in the order of recovery of different FREPs; 
more recently subfamily membership was defi ned by an 84% level of identity in nucleotide sequence 
of available upstream IgSF domains. Figure 32.4 provides an overview of structure of the better 
known FREP subfamilies. To our knowledge, FREPs are unique in nature in having one or two IgSF 
domains in conjunction with a FReD domain. Polymerase chain reaction (PCR) assays have yielded 
FreD sequences from several representatives of three families of gastropod molluscs: the Planorbi-
dae (Helisoma trivolvis, Bulinus truncatus), Lymnaeidae (Lymnaea stagnalis), and Helicidae (Helix 
aspersa). Based on extensive sequence similarities, we assume that these sequences are parts of 
FREPs [21].

Interestingly, as is true of all other FReD-containing proteins that we know of, the FReD domain 
of FREPs is found at the C-terminus. This position is likely to be necessary for carbohydrates to 
sterically interact with the Ca2+ ion as well as the FReD. The FReD within FREPs displays regions 
of homology to areas in the human serum lectin P35 (fi colin 2) that contribute to Ca2+ -dependent 
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Vertebrate ficolins (3) (Ichijo et al.,1993)

Halocynthia (Solitary ascidian)
ficolin (4) (Kenjo et al., 2001)

Soft and hard tick plasma and salivary
lectins (Rego et al., 2005, 2006)

Slug, Limax fibrinogen–related
lectin family (Kurachi et al., 1998)

Snail, Biomphalaria FREP gene
family (Adema et al., 1997)

Sponge, Suberites glucan recognition
protein (Perovic-Ottstadt et al., 2004)

Horseshoe crabs, Tachylectins 5A
and 5B (Kawabata and Tsuda, 2005)

Anopheles (53) and Drosophila (20)
FREPs (Wang et al., 2005)

Mosquito, Anopheles Fibrinogen
gene family (Christophides et al., 2002)

FIGURE 32.2 Studies implicating molecules with FReDs functioning in internal defense, represented next 
to a simplifi ed overview of animal phylogeny, to make the general point that a defense function for FReDs has 
been reported from prebilaterians, and from both deuterostome and protostome lineages, in the latter includ-
ing both ecdysozoans and lophotrochozoans. In parentheses is the number of gene variants discovered so far. 
(From Halanych, K. M., Annu Rev Ecol Evol Syst, 35, 229, 2004.)
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binding of carbohydrate, consistent with the behavior of Ca2+ lectins [21,40,41]. Figure 32.1 shows 
evident similarity between the structure of horseshoe crab tachylectin and the FReD domain of 
FREP4. In general, the FReD domains in FREPs are more conserved than IgSF domains as sup-
ported by both sequence data and Southern blot analysis [35,36,39]. In addition, no obvious cleavage 
sites analogous to those of fi brinogen involved in hemostasis are observed in the FReDs in 
B. glabrata FREPs [21].

With respect to the IgSF domains, the two cysteine residues characteristic of such domains are 
spaced 80 amino acids apart [21] and the predicted structure of the IgSF domain of FREP2 and FREP4 
has multiple β strands characteristic of IgSF members [35]. Eighteen of 20 residues conserved within 
IgSF domains of invertebrates are also present including two conserved cysteines that likely parti-
cipate in the formation of a disulfi de bond to form an intrachain loop [21]. The amino acid identity 
between IgSF regions of the different FREP subfamilies ranges from 42% to 81% [35–37]. For the 
subfamilies for which the IgSF structure is known, subfamilies 2 and 4 contain 1 IgSF domain, 
whereas FREP subfamilies 3, 7, 12, and 13 have two tandemly situated IgSF domains upstream of the 
FReD. For those with tandem IgSF domains, the N-terminal domain is designated IgSF1 and is 
followed by the IgSF2 domain, with a small connecting region between them. Neither the sequence 
of IgSF1 or IgSF2 easily yields to classifi cation as C- or V-type IgSF domains [36,42].

FIGURE 32.3 SDS-PAGE gel of cell-free hemolymph (plasma) polypeptides of B. glabrata. Lane 1 shows 
the typical plasma profi le of a control snail not exposed to trematode infection. Note the prominent bulge 
comprised of hemoglobin, the dominant plasma polypeptide, shown at about 180 kDa. Lane 2 is plasma from 
a snail exposed 4 days prior to infection with E. paraensei. Note the overall denser appearance of the lane, 
with broad regions of heavier staining, as at ∼200 kDa, and from just below the hemoglobin band to ∼40 kDa. 
Lane 3 shows the small amount of material precipitated from the plasma of control snails following the addi-
tion of secretory–excretory products from in vitro cultured sporocysts of E. paraensei. Lane 4 shows what is 
precipitated from the plasma of echinostome-infected snails by a similar treatment. Note the appearance of 
material designated G1M and G2M, which has also been identifi ed in other studies as trematode-responsive 
components (see text) and the broad band centered at 65 kDa, which was analyzed directly using both Edman 
degradation and mass spectroscopy and found to be comprised of FREP4. See Adema et al. for additional 
details. (From Adema, C. M., Hertel, L. A., Loker, E. S., Chapman and Hall, New York, 1997; Adema, C. M., 
et al., Proc. Natl Acad. Sci. USA, 94(16), 8691, 1997.)
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SBL

Selectin

MDM

Signal peptide

FreD

CTL-CRD

FREPs from Biomphalaria glabrata

FREP 2

FREP 4

FREP 3

FREP 7

Splice
variants

Related molecules from gastropods

IgSF

(Exon boundary)

Truncated IgSF

Truncated FreD

ICR

FIGURE 32.4 (See color insert following blank page 170. Also see CD for color fi gure.) Domain 
structures of FREPs and related molecules from B. glabrata and other gastropods. The two types of FREPs 
that have been identifi ed each contain a downstream FreD in juxtaposition with upstream IgSF sequence, 
either one IgSF domain (as observed from FREP2 and FREP4) or two domains arranged in tandem (as in 
FREP3 and FREP7). An interceding region (ICR) separates the IgSF and FReD domains. The ICR shows no 
similarity to known sequences. Characterization of the full-length sequence of four different FREP genes 
showed that the FreD is encoded in a single exon. The three IgSF domains all differ in intron–exon organiza-
tion. Arrowheads indicate the boundaries of sequences that are encoded by separate exons. Delineated by 
DNA sequence identity of <84%, gene subfamilies are recognized within both types of FREPs. Alternative 
splicing adds to diversity of FREPs with tandemly arranged IgSF domains. The resulting splice variants either 
have a truncated FreD, lack part of the second IgSF domain (resembling the one IgSF conformation), or consist 
of the leading IgSF with a truncated second IgSF domain only. SBL from the slug L. fl avus consists of a single 
FreD. (From Kurachi, S., et al., Eur. J. Biochem., 254(2), 217, 1998.) The structure of selectin from B. glabrata 
is intriguingly similar to that of FREPs as it is comprised of an IgSF domain upstream of a C-type lectin car-
bohydrate recognition domain (CTL-CRD). (From Duclermortier, P., et al., Parasitol. Res., 85(6), 481, 1999; 
Guillou, F., et al., Comp. Biochem. Physiol. B Biochem. Mol. Biol., 138(2), 175, 2004.) MDM from Lymnaea 
stagnalis consists of fi ve IgSF domains and is thought to mediate nonself recognition. (From Hoek, R. M., et al., 
Eur. J. Immunol., 26(4), 939, 1996.) Note that the IgSF domains of MDM are shorter than those of FREPs (∼60 
vs. ∼80 amino acids enclosed in the intra-chain loop that characterizes IgSF sequences, respectively).
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The region between the IgSF and FReD, called the interceding region (ICR), is variable in 
length and sequence amongst the various FREPs. Lysine (K), isoleucine (I), and glutamic acid (E) 
amino acid residues constitute a relatively high portion of the ICR from several FREPs, the signifi -
cance of which is currently unknown. Furthermore, there is no detectable similarity between the 
amino acid sequence of the ICR of FREPs and other proteins [35,36].

In combining IgSF and FreD sequences, the structure of FREPs contains two types of domains, 
each of which could potentially bind (foreign) ligands. One idea is that one end of the FREP binds 
to a nonself entity and the other end binds to a receptor on a hemocyte surface, thus forming a bridge 
and activating the hemocyte, facilitating phagocytosis, release of toxic oxygen radicals, or an encap-
sulation reaction. If this model is correct, is nonself recognition achieved by the FReD domain or by 
IgSF domains? A consideration of the structure of several related IgSF and lectin sequences known 
from gastropods provides some insights into which domain may be the “business end” that imparts 
lectin activity to FREPs (also see Figure 32.3). Molluscan defense molecule (MDM) from the pond 
snail L. stagnalis [43] provides an indication that gastropod IgSF domains can possibly mediate 
nonself recognition. MDM consists of fi ve tandemly arranged IgSF domains that have sequence 
similarity to hemolin (four IgSF domains in tandem), an antibacterial opsonin described from insects 
[44,45]. The repeated IgSF domains of soluble and membrane-bound hemolin can interact to medi-
ate binding between ligands and cells [46]. However, the IgSF sequences of FREPs may not have 
similar functions because they differ considerably in both sequence and size from the IgSF domains 
of hemolin and MDM. Additional work is needed to characterize functional aspects of the IgSF 
domain of FREPs. By contrast, a clear indication for the use of FreD as lectins by gastropods is 
provided by SBLs from the slug Limax fl avus [47]. Biochemical and sequence analysis revealed that 
these lectins consist only of a single FReD. Although some sequence differences are evident, the 
essential sequence and structural features of FReDs as identifi ed by Doolittle [26] are conserved in 
both SBLs and the FReD domains of FREPs. This makes it highly likely that the FreD domain 
conveys lectin activity to FREPs, a conclusion supported by several recent reports that FreDs are 
functional domains of many lectins from both vertebrates and invertebrates (Figure 32.2) 
[21,31,47–52]. Finally, the structure of another lectin from B. glabrata termed selectin [15,53] is 
tantalizingly similar to that of FREPs. Both molecules are comprised of upstream IgSF domains (of 
different sequence but comparable size) and downstream lectin domains, either a FreD or a C-type 
lectin carbohydrate recognition domain (CTL-CRD). It is tempting to hypothesize that some snail 
lectins have a modular organization, where different lectin domains (FreD vs. CTL-CRD) provide 
diversity in recognition capability of particular polysaccharides, which can be processed by similar 
receptors (pathways) or cell types due to related N-terminal sequences (IgSF domains).

Such a model may help to explain why none of the FREPs we have isolated have membrane 
spanning motifs that are compatible with FREPs being displayed on hemocyte surfaces. Although 
our assumption is that FREPs must act in concert with hemocytes to be effective, they may have a 
direct toxic effect on trematode sporocysts, potentially offering an explanation for the degeneration 
of sporocysts without evident involvement of hemocytes in the Echinostoma caproni–B. glabrata 
model system [54].

32.4  ROLE OF FREPs AND RELATED MOLECULES IN DEFENSE 
AGAINST PATHOGENS

32.4.1 FREPS AND TREMATODES

The vast majority of the ∼18,000 nominal species of digenetic trematodes undergo obligatory larval 
development in molluscs, often castrating and otherwise severely compromising their hosts in the 
process. Thus it seems reasonable to expect that snails would mount vigorous defense responses 
against trematodes as they attempt to establish infections. Are FREPs a part of the antitrematode 
defense response? There are several reasons to suggest this might be the case, as we outline below.
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FREPs were fi rst identifi ed in the plasma of snails infected with E. paraensei, and FREPs were 
shown to be reactive with soluble antigens of this trematode [20]. They have also been shown to bind 
to the surfaces of E. paraensei sporocysts and miracidia [20,22]. Other studies have since shown that 
at least four FREPs are upregulated following exposure to E. paraensei; FREPs 2, 3, 4, and 7 with 
FREPs 2 and 4 fi rst appearing in increased abundance at 1 or 2 days postexposure (dpe), respec-
tively, and continuing until at least 16 dpe [55,56]. The kinetics of FREP production following 
exposure to E. paraensei are mirrored by an increase in circulating hemocyte numbers and it has 
been shown that FREPs are produced by hemocytes [21,55].

Even though a strong upregulation of FREPs is noted suggesting B. glabrata can recognize the 
presence of E. paraensei, and FREPs can bind to parasite surfaces, B. glabrata nonetheless 
typically succumbs to infection, suggesting that FREPs are inconsequential in defense against this 
parasite. However, E. paraensei is well known for its ability to interfere strongly with hemocyte 
spreading and formation of hemocyte capsules and can increase the susceptibility to infection by 
other trematodes [19,57–61]. Consequently, even though soluble recognition molecules like 
FREPs are present, they may be rendered irrelevant if hemocytes as the main effector cells in 
snails have been compromised. However, the ability of FREPs to precipitate parasite SEPs may 
have the effect of protecting at least some hemocytes such that the immune capacity of the snail 
is not completely compromised.

With respect to the response of B. glabrata to infection with the medically important trematode 
S. mansoni, quantitative PCR reveals that differential FREP expression is elicited by B. glabrata 
strains susceptible (M-line strain) or resistant (BS-90 strain) to infection by this parasite. When a 
susceptible strain is infected with S. mansoni, an upregulated FREP response does not occur. 
However, when snails from the BS-90 strain are exposed to S. mansoni, there is a 40-fold increase 
as early as 1 to 2 days post exposure in FREP2 expression which remains elevated for at least 8 days, 
suggesting that FREP2 may play a role in the resistance of the BS-90 strain to S. mansoni. A four-
fold elevation of FREP4 expression also occurs [56]. The kinetics of FREP2 and FREP4 induction 
match the time course of S. mansoni sporocyst killing in resistant strains of B. glabrata [62,63].

It has been speculated that unlike E. paraensei, S. mansoni essentially avoids detection in 
compatible snails [19], possibly due to molecular mimicry of host tissues [64–68]. Mimicry could 
be due to either a parasite-encoded matching of host molecules or acquisition of host molecules. 
In either case, because of a lack of detection, a possible consequence is that a FREP response is not 
orchestrated. In resistant snails, recognition is somehow achieved and a FREP response is recorded. 
One of the biggest gaps in our understanding of FREP biology is if and how circulating FREPs may 
collaborate with hemocytes or other components of the snail’s internal defense system to effect 
trematode killing.

In general, exposure to E. paraensei elicits a greater response in terms of both hemocyte and 
FREP production than does exposure to S. mansoni, and as noted above, these two responses are 
likely causally linked. Although this difference may be due to fundamentally different survival 
strategies of the two parasites [19], another possible explanation is that E. paraensei undergoes the 
initial stages of its larval development in the snail’s ventricle, in close proximity to the amebocyte-
producing organ (APO) where hemocytes are produced (see Figure 32.5). This by itself may trigger 
a stronger response from the APO, accounting for the differences between the two trematodes with 
respect to provoking FREP production.

32.4.2 FREPS AND OTHER POTENTIAL PATHOGENS

Given the importance of digenetic trematodes to molluscan biology, it is possible that FREPs represent 
a class of molecules responsive only to these formidable pathogens. Conversely, given the role of 
FReD-containing molecules in defense in other organisms, it seems logical to expect that FREPs are 
also responsive to other pathogens as well. As part of an overall effort to better defi ne FREP func-
tions, this topic is currently under investigation in our laboratory and preliminary studies suggest 
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FIGURE 32.5 (See CD for color fi gure.) (A) This sequence of four fi gures shows (1) the general anatomical 
location of the hemopoietic organ of B. glabrata, between the pericardium and the posterior epithelium of the 
mantle cavity. This organ is called the APO, and is where amebocytes, now more commonly referred to as hemo-
cytes, the circulating defense cells of snails, are produced; (2) a detail of the general region of the APO in a snail 
infected with echinostome trematodes, showing the APO (arrow) in a hypertrophied state; (3) further detail 
showing hemocytes being released from the APO into the snail’s circulation; and (4) hemocytes taken from the 
general circulation of B. glabrata. (Photographs 2 and 3 reproduced from Lie, K. J., Heyneman, D., and Yau, 
P., J. Parasitol., 61(3), 574, 1975. With permission.) (B) A schematic view of one hypothesis for generation of 
diversifi ed FREPs starting with an initially genetically uniform population of stem cells in the APO that con-
tain the FREP source sequences. These cells undergo mitosis to produce hemocytes that in the process of 
differentiating may undergo mutational and/or recombinatorial events in their FREP-encoding genes. Most of 
the hemocytes produced express the original FREP source sequences but many express diversifi ed FREPs. 
Point mutations are represented by asterices. Recombination events are represented by mosaic blocks.

that certain species of bacteria elicit upregulation from a subset of FREPs depending on the particu-
lar strain of B. glabrata exposed to the bacteria.

32.4.3 OTHER FUNCTIONS FOR FREPS

Our results lead us to believe that the primary function of FREPs is to protect the snail host from 
pathogens, based primarily upon the upregulation of FREPs following infections. However, this 
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does not mean that FREPs may not function in other aspects of snail biology. For example, proteins 
such as Toll and DSCAM, originally identifi ed as regulating development, were later discovered to 
also play a role the innate immune system of invertebrates [69–73]. It is possible that FREPs func-
tion in other capacities in physiological states that occur along with infections, such as stress or 
wound repair. It is important to retain an open mind regarding other possible functions for FREPs in 
B. glabrata.

32.4.4 OTHER MOLECULES WITH LECTIN ACTIVITY THAT ACCOMPANY FREP INDUCTION

Prior to the discovery of FREPs and the association of FREP4 with the 65 kDa plasma band, other 
conspicuous components in B. glabrata plasma designated as G1M and G2M (Figure 32.3), had for 
several years been under observation, primarily because they were upregulated following infection 
of B. glabrata with E. paraensei [34,74–76]. and to a lesser extent with S. mansoni [77]. G1M 
(group 1 molecules) range in molecular weight from 150 to 220 kDa and G2M (group 2 molecules) 
are 75–130 kDa [76]. Components of G1M vary between E. paraensei-infected snail strains suscep-
tible or resistant to S. mansoni infection [75]. G1M/G2M also bind to trematode sporocyst SEPs 
in vitro, have lectin activity, can be harvested by affi nity chromatography using monosaccharide-
treated beads [75,77,78], and were implicated in having opsonic activity in phagocytosis assays 
[76]. They also share with the 65 kDa FREP4 band the property of migrating on SDS-PAGE gels as 
broad, diffuse bands.

It is possible that some proteins in the G1M and G2M fractions are FREPs because, for example, 
the expected molecular weights of FREPs 3 and 7 when glycosylated are between 90 and 100 kDa 
[36], putting them within the G2M molecular weight range.

Preliminary evidence from mass spectrometry of plasma proteins in the G1M/G2M molecular 
weight ranges reveal the presence of IgSF domains, as does the use of newly developed antibodies 
to the IgSF portions of recombinant FREPs (Zhang, unpublished results). However, FreD domains 
were not obvious from these assays; this has lead us to consider other possibilities, including that 
these G1M and G2M molecules may consist solely of IgSF domains, perhaps in analogy to the 
multi-IgSF domain containing molecule identifi ed as MDM from the snail L. stagnalis [43].

32.5 SURPRISING EXTENT OF FREP DIVERSITY

Southern hybridization studies indicate that many (at least 24 bands identifi ed) B. glabrata genes 
encode FReDs, and when probes for specifi c FREP subfamilies are used, multiple bands are again 
recovered (approximately between one and eight bands among the six FREP subfamilies probed). 
The Southern hybridization results are broadly consistent with our PCR-based approaches using 
both cDNA and genomic templates in revealing FREPs to be encoded by a complex gene family. In 
common with other invertebrates (Figure 32.2), B. glabrata has an inherently diverse set of FReD-
encoding genes, suggestive of an important role in snail biology.

In addition to an abundance of FReD encoding genes, other surprising sources of diversity have 
been noted. The 65 kDa plasma band of B. glabrata, which is known to be comprised of FREP4, 
migrates as a broad, diffuse band, as do other trematode-responsive bands such as G2M, which may 
also be comprised of FREPs, as noted above. The breadth of the band centered at 65 kDa was sug-
gestive of inherent diversity. Treatment of material comprising this band with N-glycosidase F to 
remove N-linked carbohydrate side chains surprisingly did not alter the band’s breadth, though it did 
provide an expected shift to a lower molecular weight. This pattern was consistent with the idea that 
the FREP4 band is comprised of a variety of related polypeptides [21].

This fi nding prompted us to explore further the phenomenon of FREP diversifi cation, particu-
larly because expressed sequence tag (EST) studies of this and other FREPs revealed a surprising 
level of sequence diversity [35,37]. This was especially true of FREP3 [38]. It was subsequently 
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shown that in just one region of one FREP gene, the IgSF1 region of FREP3, using PCR amplifi cation 
with high-fi delity polymerases and primers specifi c for the IgSF1 domain of the FREP3 gene sub-
family, 45 DNA sequences were recovered from one snail, and 37 sequences were recovered from a 
second snail, with only one of the sequences held in common between the two individuals. A total 
of 314 unique DNA sequences have been recovered from 22 snails, which would encode 204 unique 
amino acid sequences. Similar levels of FREP sequence diversity were evident from EST sequence 
data obtained from B. glabrata derived independently by Mitta and coworkers in France [53]. South-
ern analysis indicated that only two to fi ve FREP3 loci existed in the B. glabrata genome, a paradox 
that was subsequently resolved when a computational analysis revealed that the recovered diversity 
within IgSF1 region of FREP3 from a single snail could be explained as a consequence of recombi-
natorial events or point mutations (or both) in as few as two to fi ve “source sequences,” which can 
be conceptualized as alleles. Our hypothesis is that a limited number of source sequences (no more 
than 10) are carried among the two to fi ve FREP3 loci in the genome, and these are diversifi ed 
among differentiated cells, with hemocytes being the most likely source of the diversifi ed sequences 
(Figure 32.5). We also note that diversifi ed FREP3 sequences were also found among mRNAs 
recovered from a single individual snail as well, suggesting expression of diversifi ed FREP3 mole-
cules is a possibility (see Zhang et al. [38] for additional details, including the use of controls to 
check for PCR artifacts.)

Furthermore, yet additional means by which snails might present diversifi ed FREPs as part of a 
complex defense response are possible. Three types of truncated cDNAs have been identifi ed, which 
are identical to coding regions of previously characterized FREP genes. The truncated forms were 
missing partial or entire exons and thus are likely be products of alternative splicing [37] (see Figure 
32.4). Additional possibilities for alternative splicing are indicated by the presence of a mini exon 
with appropriate type 1 splice sites in the FREP2 gene [35]. Finally, FREPs may associate with one 
another in complex homo- and hetero-oligomerization patterns [20], or may also interact with other 
host proteins to increase the diversity of response to pathogens.

It should be pointed out that also other lectins in gastropods have been found to be diverse at 
least at some level. Three different groups of selectin sequences were recorded from different strains 
of B. glabrata [17]. L. fl avus (slug) SBLs were assigned to three main groups, with many minor 
sequence variants evident with each group. This prompted Kurachi et al. to speculate that the 
sequence differences could not result from alternative splicing alone [47]. Along with the diversity 
of FREPs, selectin and SBL may represent yet more examples of systems that concord with the 
recent realization that mechanisms exist that generate diversity of innate immunity factors in inver-
tebrates [42].

32.5.1 BIOLOGICAL SIGNIFICANCE OF FREP DIVERSIFICATION

Invertebrate immune systems have been characterized as being “innate” and to have relatively 
limited number of recognition proteins that can bind relatively invariant PAMPs. In part because 
of the revelation of the extensive diversity found in FREPs in B. glabrata and in other categories 
of putative recognition molecules in other invertebrates and even jawless vertebrates such as the 
lamprey [42,80,81], the line between adaptive and innate immunity has become less distinct.

Furthermore, it should not be concluded that invertebrate defense systems are incapable of rapid 
mobilization of responses, or even of heightened responses upon secondary exposure to particular 
pathogens. A phenomena has been observed in B. glabrata referred to as acquired resistance in 
which snails that have been exposed to irradiated E. paraensei miracidia become resistant to infec-
tion when later challenged with normal miracidia [82,83]. The irradiated parasites migrate to the 
heart as normal but are then encapsulated and destroyed 2–9 days postinfection. When challenged 
with normal miracidia 5–10 days following the fi rst exposure, miracidia of the challenge group are 
destroyed by hemocytes in the head/foot area and do not reach the heart [55,82,83]. A study of FREP 
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expression in snails sensitized by exposure to irradiated miracidia and later challenged with normal 
miracidia, and thus exhibiting acquired resistance, produced not only higher levels of FREPs than 
snails exposed only to irradiated parasites, but also produced them faster, and their response included 
some FREPs that normally were not induced following exposure to trematodes [55]. Thus the phe-
nomenon of acquired resistance may be explained, at least in part, by the upregulation of FREPs 
induced by the prior exposure to irradiated miracidia.

There are several other examples of heightened secondary responses in invertebrates such as in 
the crustacean Daphnia in response to bacteria [84], a copepod in response to a tapeworm [85], 
Anopheles gambiae in response to bacteria and Plasmodium parasites [86], and the bumble bee 
Bombus terrestris in response to bacteria [87]. Although such heightened secondary responses have 
a very different underlying mechanism than the long-term memory responses of vertebrate adaptive 
immune systems, they nonetheless reinforce the concept that invertebrate defense capabilities are far 
from static and may be considerably more complex than often considered, thus further blurring the 
distinctions between immune capabilities in invertebrates and vertebrates.

32.6 SOME REMAINING PUZZLES AND SOME SPECULATIONS

As noted above, many issues remain to be fully clarifi ed with respect to FREP biology. In addition, 
the following is a list of some of the puzzles that continue to intrigue us about FREPs.

What is the exact mechanism by which FREPs are diversifi ed? Preliminary evidence from 
the sequencing of BAC clones suggests that FREP genes occur in tandem in the genome, and 
this arrangement may facilitate the process of gene conversion as a way to generate variants 
from source sequences. Introns of several FREP genes have regions of sequence similarity to a 
reverse transcriptase derived from non-long-terminal repeat retrotransposons present in the 
genome of S. mansoni [35]. Because trematodes are common parasites of B. glabrata, it is conceiv-
able that a transfer of retrotransposons between parasite and host has taken place and perhaps 
retroelements in some way contribute to the diversification of host FREP genes. It would 
make sense that somatic diversifi cation of FREP genes would be confi ned to tissues and cells of 
the internal defense system, particularly hemocytes, and that exposure to pathogens might trig-
ger diversification, but definitive evidence on these points is lacking. Although hemocytes are 
likely the source of most of the FREP molecules and the site of somatic diversifi cation, agglu-
tinins with lectin properties are produced in the albumen gland of B. glabrata [10,88–90]. It is 
possible that some of these albumen gland-derived agglutinins are FREPs, but this awaits 
investigation.

Although the hemolymph of molluscs does not form obvious clots [91], do plasma 
polymerization reactions, potentially involving FREPs and other plasma components, nonetheless 
occur but usually avoid detection? Although no gel or clot is formed when B. glabrata plasma 
is mixed with activators of blood coagulation in vertebrates or of the crayfi sh Pacifastacus 
leniusculus [21], we have noted other suspicious precipitates in the hemolymph of echinostome-
infected snails (Figure 32.6) and Matricon-Gondran et al. have observed the rapid formation 
of tubular double-helical fi laments in B. glabrata injected with various foreign substances, 
particularly in snails infected with echinostomes [92]. The relationship between these phenom-
ena remains unclear.

As a fi nal issue to ponder, from a more theoretical point of view, if indeed B. glabrata and other 
invertebrates are able to produce diversifi ed recognition molecules, on the one hand this makes 
sense given that some pathogens like bacteria or viruses in particular may be capable of rapid genetic 
change relative to their host, and diversifi ed receptors offer a means of keeping pace with pathogens. 
On the other hand, if FREP diversifi cation results in only small quantities of many different FREPs, 
of what good would such a response be, particularly against potentially overwhelming infections as 
resulting from colonization by trematodes? One speculation is that some diversifi cation of FREP 
sequences may enable B. glabrata to prevent tracking by pathogens [38]. Mathematical modeling 
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indicated that random diversifi cation of FREPs, leading to some variation in binding specifi city, 
even without selection, clonal expansion or tolerance induction, can increase immunological com-
petence of snails, under the assumptions that FREPs function as opsonins/recognition factors [80]. 
Another alternative speculation does invoke the radical idea of a secondary expansion of a popula-
tion of hemocytes producing a given FREP specifi city, i.e., clonal expansion. A related question is 
with all these different FREPs circulating throughout the snail’s system, does the probability of 
generating autoreactive FREPs become a signifi cant concern? Future studies need to consider these 
possibilities.

32.7 CONCLUSION AND FUTURE DIRECTIONS

In conclusion, many fascinating questions relating to FREPs remain, paramount among them a full 
reckoning of their functional relevance and details of the mechanisms for generating diversity. The 
ongoing B. glabrata genome project will greatly assist in interpreting all aspects of snail biology, 
including FREP structure and function. In addition, new tools such as RNAi are recently available 
for B. glabrata and have been shown to be capable of down regulating specifi c FREPs, thus provid-
ing an exciting new means of assessing the phenotypic effects of diminished FREP expression [93]. 
Also, the expression of recombinant FREP proteins and the production of corresponding antibodies 
offer the potential for availability of very specifi c reagents to dissect FREP functions. The available 
toolkit for molluscan biologists has never been better, so the prospects for new and exciting discov-
eries are currently very high.
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33.1 INTRODUCTION

From fi eld and laboratory observations, it is evident that there is a close evolutionary fi t between 
Leishmania species and their sand fl y vectors (Killick-Kendrick, 1985). This translates into an 
observed restricted vector competence in certain sand fl ies such as Phlebotomus papatasi. Despite 
its wide distribution and prevalence in foci with more than one Leishmania species, P. papatasi has 
only been found infected with Leishmania major strains. This natural specifi city was further charac-
terized by the loss of experimental infections of P. papatasi with all tested species of Leishmania 
apart from L. major (Killick-Kendrick et al., 1994; Pimenta et al., 1994). Phlebotomus sergenti, a 
natural vector of Leishmania tropica also shares this specifi city (Killick-Kendrick et al., 1995; Kam-
hawi et al., 2000). In contrast, natural vectors of visceral leishmaniasis such as Lutzomyia longipalpis, 
Phlebotomus argentipes, and Phlebotomus halepensis exhibit the opposite phenotype supporting 
maturity experimental infections with various Leishmania species including L. major and L. tropica 
(Pimenta et al., 1994; Sadlova et al., 2003). Studies aimed at elucidating this observed vector–para-
site specifi city focused on Leishmania glycoconjugates and their interaction with the sand fl y midgut 
to which the parasite’s life cycle is restricted.

Lectins are proteins or glycoproteins capable of binding specifi c carbohydrate moieties through 
one or more binding sites. Overall, multiple functions have been attributed to lectins of blood suck-
ing insects. These include regulatory functions in morphogenesis; recognition of nonself in innate 
defense mechanisms and an involvement in pathogen–vector interactions (Pace and Baum, 2004). 
Sand fl y lectin activity was fi rst reported by Wallbanks et al. (1986). The authors showed that head 
and gut extracts of various species of sand fl ies were able to agglutinate several species of Leishmania 
parasites. The authors hypothesized that lectin–Leishmania interactions may be necessary for a suc-
cessful infection in the fl y. Further studies continued to focus on the role of sand fl y lectins in vector 
competence for Leishmania parasites. Despite fi nding that lectins are major determinants of vector 
competence, few of the sand fl y lectins have been fully characterized and a lot of work remains to 
be done to truly understand their signifi cance in sand fl y–Leishmania interactions.
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33.2  BRIEF ACCOUNT OF THE LIFE CYCLE OF LEISHMANIA 
PARASITES IN A SAND FLY VECTOR

In order to understand the function of lectins in sand fl y–Leishmania interactions, it is important to 
understand the life cycle of parasites in a natural vector. Amastigotes, the mammalian stage of the 
parasite, is taken up by the sand fl y when it feeds on infected blood. Amastigotes differentiate into 
promastigotes, the fl agellated stage that exists in the fl y. Procyclic promastigotes are the fi rst stage 
that appears in the blood bolus where they multiply within the confi nement of a peritrophic mem-
brane secreted around the blood meal. Procyclics differentiate into nondividing nectomonads, large 
parasites whose function is to escape the peritrophic membrane and anchor themselves to epithelial 
cells of the sand fl y midgut. Nectomonads migrate forward into the anterior thoracic midgut and 
differentiate to smaller dividing leptomonads. These ultimately give rise to two stages, haptomonads 
that form a parasitic plug at the stomodeal valve and infectious metacyclics, free swimming and 
highly motile parasites adapted for transmission back to the mammalian host. The duration of the 
life cycle lasts 6–9 days. For a detailed account of the Leishmania life cycle in the sand fl y, refer to 
reviews by Sacks and Kamhawi (2001) and Kamhawi (2006).

During their development and anterior migration within the digestive tract of the sand fl y, the 
parasites face adverse conditions that they must overcome if they are to be transmitted to the mam-
malian host. Two main events include (1) the secretion of lectins and digestive enzymes that are 
harmful to the parasites and (2) expulsion of the degenerating peritrophic membrane with the undi-
gested blood, making it necessary for the parasites to anchor themselves to the midgut to avoid 
coexpulsion. Leishmania parasites survive these challenges through sophisticated adaptations of 
their cell surface and secreted glycoconjugates.

33.3 SURFACE SUGARS OF LEISHMANIA PARASITES

Sugars cover the surface of Leishmania promastigotes and have been intimately associated with survival 
of the parasites in the sand fl y. These include cell surface and secreted glycoconjugates that contain 
a common phosphoglycan structure composed of phosphodiester-linked PO4-6Galactose(β1-4)
Mannoseα1 disaccharide repeats (McConville and Ferguson, 1993; Ilg et al., 1994; Mengeling and 
Turco, 1998). Cell surface molecules such as lipophosphoglycan (LPG) and proteophosphoglycans 
(PPG) are glycosylphosphatidylinositol (GPI) anchored molecules. Secreted molecules include 
secreted PPG (sPPG) and secreted acid phosphatase (sAP) (Figure 33.1A). LPG is the largest and 
most abundant surface molecule in Leishmania promastigotes and forms a glycocalyx that covers 
the entire surface of the parasite. LPG of all Leishmania species and strains share the GPI anchor, 
glycan core, and phosphoglycan backbone of phosphorylated Gal-Man disaccharide repeats. How-
ever, they differ in the nature, number, and length of side chain oligosaccharides that branch off the 
backbone (Turco et al., 1987; McConville et al., 1992, 1995; Mahoney et al., 1999; Dobson et al., 
2003a,b) (Figure 33.1B). These variations have been implicated in the specifi city of certain sand fl y 
species to a particular parasite, e.g., the restricted vector competence of P. papatasi to L. major and 
of P. sergenti to L. tropica (Pimenta et al., 1994; Kamhawi et al., 2000).

33.4 SAND FLY LECTINS AND EARLY SURVIVAL OF LEISHMANIA PARASITES

Early killing of Leishmania parasites has been observed in experimental infections of sand fl ies 
including natural vector–parasite pairs (Pimenta et al., 1997; Nieves and Pimenta, 2002; Rogers 
et al., 2002). Leishmania parasites have evolved species-specifi c glycoconjugates to combat the 
harmful environment of the early blood fed midgut. Released glyconjugates of Leishmania were 
shown to promote parasite survival at this early stage of the life cycle (Schlein et al., 1990; Sacks 
et al., 2000). Mutants defi cient in the expression of phosphoglycan-containing molecules were 
completely killed during their fi rst 24 h in the blood fed midgut of their natural vector (Sacks 
et al., 2000). The protective function of released glycoconjugates seems to be species specifi c. 
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FIGURE 33.1 Phosphoglycans of Leishmania parasites. (A) Cell surface phosphoglycans include the lipo-
phosphoglycan (LPG) and proteophosphoglycans (PPG), which are anchored by glycosylphosphatidylinositol 
(GPI). Secreted phosphoglycans include the secreted proteophosphoglycans (sPPG) and the secreted acid 
phosphatase (sAP). These glycoconjugates share a common phosphodiester-linked PO4–6Galactose(β1–4)
Mannoseα1 disaccharide repeats. (B) Interspecifi c LPG polymorphisms in L. major (Friedlin V1), L. tropica 
(L36), and L. donovani (1S), depicting the variation in the nature and number of side chain oligosaccharides 
that branch off the LPG backbone. (C) Intraspecifi c LPG polymorphisms in L. major depicting differences in 
the number and length of polygalactose side chains in the Seidman, Friedlin V1, and LV39c5 strains.
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Schlein et al. (1990) showed that released glycoconjugates from cultures of L. major promastig-
otes promoted the early survival of a glycoconjugate-defi cient L. major strain in the midgut of 
P. papatasi, a natural vector of L. major, and delayed blood meal digestion. The released glyco-
conjugates from Leishmania donovani, a parasite that cannot survive in P. papatasi, was not able 
to promote survival. Most studies have attributed the early killing of Leishmania parasites and the 
delay of blood digestion to the corresponding secretion of digestive enzymes, shown to be harm-
ful to the developing parasites (Sacks and Kamhawi, 2001). However, the ingestion of blood also 
induces the secretion of lectins, observed in several sand fl y species (Wallbanks et al., 1986; Volf 
et al., 1994). Midgut lectin activity peaks around 2 days postblood meal, increasing two- to 16-fold 
depending on the sand fl y species and protein content of the meal (Volf and Killick-Kendrick, 
1996; Volf and Palanova, 1996). Moreover, lectin activity in unfed female sand fl ies was 50 times 
higher than in males, indicating that they are more relevant for the blood-sucking females (Volf 
and Killick-Kendrick, 1996). The agglutination is optimal at pH 7.0–7.5, the state of the midgut 
following the ingestion of blood (Palanova and Volf, 1997) and returns to baseline levels only 
after defecation (Volf and Killick-Kendrick, 1996). Moreover, gut extracts of female sand fl ies 
can agglutinate several species of Leishmania (Wallbanks et al., 1986; Svobodova et al., 1996). 
From the above observations, the contribution of lectin activity to the observed early killing of 
Leishmania cannot be excluded.

Lectins secreted by sand fl ies seem to be conserved in unfed and fed females. The carbohydrate 
specifi city of the lectin activity in fi ve sand fl y species remained the same in unfed and fed fl ies, 
indicating that the same lectins are expressed at a higher level in the fed fl ies (Palanova and Volf, 
1997). However, the magnitude of agglutination varied in several sand fl y species and marked dif-
ferences were observed in their agglutination of different Leishmania species and strains (Svobo-
dova et al., 1996). This variability in parasite agglutination suggests a role for sand fl y lectins in 
modulating the early survival of Leishmania parasites within the blood-fed midgut. This is rein-
forced by the enhancement of L. major infections following inhibition of midgut lectin activity in its 
natural vector Phlebotomus duboscqi, signifi cantly increasing parasite loads in mature infections 
(Volf et al., 1998, 2001). In addition, the LPG of L. major promastigotes strongly inhibited the activity 
of lectins in the midgut of another natural vector, P. papatasi (Volf and Palanova, 1996). In another 
vector–parasite interaction, a molecule with lectin and trypsin activities (named Gpl) was identifi ed 
in the midgut of the tsetse fl y Glossina morsitans (Abubakar et al., 2006). This protein was able to 
stimulate the differentiation of trypanosomes in vitro. Additionally, the recombinant protein was 
able to bind d(+)-glucosamine, agglutinate trypanosomes, and rabbit red blood cells, and also has 
proteolytic activities (Abubakar et al., 2006). Due to the effects of this protein on parasite transfor-
mation, it was proposed that Gpl is important for the establishment of the parasites in these fl ies 
(Abubakar et al., 2006).

Taken together, these facts suggest that sand fl y lectins together with digestive enzymes are early 
determinants of vector competence, infl uencing the survival of some parasite species/strains in cer-
tain sand fl y vectors.

33.5  SAND FLY LECTINS AND MIDGUT ATTACHMENT 
OF LEISHMANIA PARASITES

The ability of parasites to attach to the midgut epithelium of sand fl ies is considered a major 
determinant of vector competence. Without attachment, the parasites are lost due to midgut peristal-
sis, aimed at expelling the degenerating peritrophic membrane and undigested blood meal remnants. 
Several studies have shown that LPG, the major glycoconjugate on the surface of Leishmania 
promastigotes, is the ligand-mediating attachment of the parasites to the sand fl y midgut (Pimenta 
et al., 1992; Butcher et al., 1996; Sacks et al., 2000). Moreover, differences in the composition of the 
LPG side chain sugars controls to a large extent species-specifi c vector competence (Pimenta et al., 
1994; Mahoney et al., 1999; Kamhawi et al., 2000).
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A pattern for LPG structure diversity emerged in which the LPG structure of Leishmania species 
that persist in restricted vectors, such as L. major and L. tropica in P. papatasi and P. sergenti, 
respectively, is complex with numerous side chains of sugar polymers (McConville et al., 1990; 
McConville et al., 1995). Conversely, permissive vectors, such as Lu. longipalpis and P. argentipes, 
are naturally infected by Leishmania species (L. chagasi and L. donovani) that possess simple LPG 
molecules with few or no side chain branches (Turco et al., 1987; Mahoney et al., 1999; Soares 
et al., 2002) (Figure 33.1B). This indicates that receptors on sand fl y midguts are variable and their 
complexity provides an evolutionary drive manifested in LPG polymorphisms. This theory is rein-
forced by the fact that intraspecifi c variation in the LPG structure of some L. major strains rendered 
them incapable of infecting P. papatasi. For example, L. major Seidman, a strain isolated from West 
Africa, whose LPG naturally lacks polygalactose side chains (Figure 33.1C) cannot grow in P. papatasi 
but grows in P. duboscqi, a sister species that belongs to the same subgenera Phlebotomus. Interest-
ingly, the wide geographical distribution of P. papatasi does not extend to West Africa where 
P. duboscqi prevails.

Until recently, sand fl y midgut receptors that bind Leishmania LPGs were unknown. Since 
several studies implicated the sugar moieties of LPG in midgut attachment (Pimenta et al., 1992), 
it was reasonable to suspect that the sand fl y midgut receptor was a lectin. Indeed, a tandem repeat 
galectin, termed PpGalec, was identifi ed as the midgut receptor for L. major procyclic LPG in the 
sand fl y P. papatasi (Kamhawi et al., 2004). PpGalec was recognized from a cDNA library of 
dissected female P. papatasi midguts using massive cDNA sequencing and bioinformatic 
approaches (Kamhawi et al., 2004). The gene was strongly upregulated in adults compared to 
larval and pupal stages, constitutively expressed, and located on the surface of most midgut epi-
thelial cells. PpGalec was strongly expressed by these cells, forming abundant clusters on the 
luminal surface of the midgut (Kamhawi et al., 2004) (Figure 33.2). These are all important func-
tional prerequisites for a Leishmania midgut receptor. Furthermore, recombinant PpGalec showed 
a binding specifi city to live parasites as well as to purifi ed procyclic LPG of L. major (Friedlin 
V1). Procyclic LPG of this strain of L. major has side chains of—one to three galactose molecules 
(Figure 33.1B and C). This is compatible with the binding specifi city reported for galectins that have 
a cation-independent affi nity to β-galactosides and typically bind to type I Gal_1,3GlcNAc or 
type II Gal_1,4GlcNAc units (Pace and Baum, 2004; Rabinovich and Gruppi, 2005). The stron-
gest evidence of the midgut receptor function of PpGalec was the impairment of in vivo develop-
ment of L. major (Friedlin V1) in P. papatasi by antibodies against rPpGalec (Kamhawi et al., 
2004). The anti-PpGalec antibodies occupy attachment sites used by the parasite for attachment 
resulting in loss of infection (Figure 33.2). This has implications for the possible use of midgut 
receptors as transmission-blocking vaccines. Additionally, this represents the fi rst receptor for a 
parasite identifi ed from an insect vector.

An important aspect of the observed binding specifi city of PpGalec to L. major (Friedlin V1) 
was that it was only strain specifi c. L. major strains that possessed no galactose side chains (L. major 
Seidman), as well as those with very long polygalactose side chains (L. major LV39c5) (Figure 
33.1C) showed no binding to PpGalec (Joshi et al., 1998; Dobson et al., 2003a; Kamhawi et al., 
2004). PpGalec was identifi ed from a colony of P. papatasi that originated from the Middle East 
where the L. major Friedlin V1 strain was isolated. The L. major LV39c5 and the L. major Seidman 
strains were isolated from the former USSR and West Africa, respectively (Joshi et al., 1998; Dobson 
et al., 2003b). Despite the fact that P. papatasi is the vector of L. major in the former USSR, geo-
graphical isolation may have resulted in intraspecifi c variations in PpGalec that explains the poor 
growth of L. major LV39c5 in fl ies originating from the Middle East (Kamhawi et al., 2004). The 
sand fl y vector for L. major in West Africa is P. duboscqi, a sister species of P. papatasi. A close 
homolog of PpGalec was identifi ed in P. duboscqi (Valenzuela and Kamhawi, unpublished material). 
However, this fl y supports the growth of L. major Seidman (Joshi et al., 2002) and argues for 
the presence of a secondary receptor, which is absent or lost in P. papatasi, and which renders 
P. duboscqi more permissive to varied L. major strains. Another possibility is that the galectin-like 
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molecule in P. duboscqi does not have the same sugar-binding properties as PpGalec. The role of 
intraspecifi c variations of sand fl y vectors in vector competence needs to be promptly addressed.

The true function of PpGalec in the fl y remains unknown. Galectins are multifunctional mole-
cules and apart from their involvement in host–pathogen interactions (Kamhawi et al., 2004; Young 
and Meeusen, 2004; Rabinovich and Gruppi, 2005), they function in differentiation, cell–cell, and 
cell–matrix interactions, immunity, and cell signaling (Rabinovich et al., 2002; Pace and Baum, 
2004; Rabinovich and Gruppi, 2005). Therefore, it is diffi cult to predict the function of PpGalec. 
Based on its midgut specifi city and its weak expression in males (that only take sugar meals) and 
larval and pupal developmental stages, potential functions of PpGalec may involve blood digestion, 
cell signaling, and defense, and less likely development.

Other lectins, assigned by sequence homology as c-Type and P-Type lectins, were identifi ed 
from a cDNA library of P. sergenti (Jochim and Valenzuela, unpublished material). However, their 
relevance as midgut receptors for Leishmania parasites remains to be investigated. Until recently, 
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the vector competence of P. sergenti was thought to be restricted to L. tropica (Killick-Kendrick, 
1999; Kamhawi et al., 2000). However, Gebre-Michael et al. (2004) reported the isolation of Leish-
mania aethiopica from this species in Ethiopia. Moreover, L. tropica strains exhibiting variations in 
the sugar moieties forming the LPG side chains were isolated from other fl ies including Phleboto-
mus saevus in Ethiopia and Phlebotomus arabicus from Israel (Jacobson, 2003; Gebre-Michael 
et al., 2004; Soares et al., 2004). In addition, P. arabicus, subgenus Adlerius, was able to transmit 
L. tropica to hyraxes, a natural reservoir of the parasite, by bite (Svobodova et al., 2006). This con-
fi rms that P. arabicus–L. tropica represent a competent sand fl y–Leishmania pair in nature. The 
restricted competence of certain sand fl y vectors to Leishmania parasites at the species level has 
been confounded by the various associations uncovered between different Leishmania and sand fl y 
strains of the same species and highlights the complexity of sand fl y–Leishmania interactions.

To date, PpGalec remains the only fully characterized midgut receptor of a competent Leish-
mania–sand fl y pair. Finding PpGalec was facilitated by the restricted vector competence of 
P. papatasi to L. major in the Middle East. Finding the receptor in permissive vectors that support 
the full development of several Leishmania species has been more elusive. Several species belonging 
to different subgenera are considered permissive as a result of experimental and natural infections 
with several Leishmania species. These include Lu. longipalpis, P. argentipes, P. halepensis, and 
P. arabicus (Walters, 1993; Pimenta et al., 1994; Sadlova et al., 2003; Svobodova et al., 2006; Volf 
and Myskova, 2007). Recently, permissive vectors but not restricted ones were shown to possess 
O-glycosylated midgut proteins bearing N-acetylgalactosamine (GalNAc) epitopes (Evangelista 
and Leite, 2002; Svobodova et al., 2006; Volf and Myskova, 2007). Moreover, Lu. longipalpis 
supported the full growth of LPG mutants of L. major and L. mexicana (Rogers et al., 2004; Volf 
and Myskova, 2007), indicating that midgut attachment in permissive vectors occurs via a LPG-
independent manner (Volf and Myskova, 2007). This led to the proposal of a novel mechanism for 
midgut attachment in Leishmania–sand fl y interactions in which lectin molecules expressed by 
the parasites act as a receptor for a midgut surface O-glycosylated proteins (Volf and Myskova, 
2007). Indeed, a lectin with GalNAc-specific activity has been reported on the surface of 
Leishmania promastigotes (Schottelius, 1992; Kock et al., 1997). Identifi cation and isolation of 
the sand fl y protein bearing the O-glycosylated moiety that may function as a ligand for the para-
site lectin will be necessary to demonstrate the specifi city of this proposed association. Further-
more, other biological questions will need to be addressed such as the necessity for attached 
parasites to detach in order to be transmitted. In vectors where LPG is the ligand for midgut 
attachment, detachment of parasites is mediated by changes in the LPG structure as they differen-
tiate from procyclics (attached) to infectious metacyclics (freely motile) (Sacks and Kamhawi, 
2001). It remains that the hypothesis of a parasite lectin-binding to a sand fl y sugar is supported 
by exciting fi ndings and emphasizes the importance of lectins in the elaborate adaptations of 
Leishmania parasites to their sand fl y vectors.

33.6  TANDEM CARBOHYDRATE-BINDING DOMAINS OF GALECTINS 
FROM OTHER INSECTS

The galectin (PpGalec), identifi ed from the sand fl y P. papatasi, represents the fi rst molecular char-
acterization of a lectin receptor for a pathogen in the midgut of a disease vector (Kamhawi et al., 
2004). PpGalec has a molecular weight of 35 kDa; has two carbohydrate recognition domains 
(CRDs) similar to galectins 4, 6, 8, 9, and 12 from mammals; and does not have a Ca2+-binding 
domain nor a transmembrane domain. Additionally, it does not have a secretory signal peptide and 
probably follows a nonclassical secretory pathway as reported for other galectins (Rabinovich et al., 
2002; Pace and Baum, 2004; Rabinovich and Gruppi, 2005).

Galectins are widespread in different organisms including mammals and nonmammals (Pace 
and Baum, 2004). Due to recent advances in large-scale DNA sequencing of various organisms 
including insects (Dimopoulos et al., 2000; Valenzuela et al., 2002; Kriventseva et al., 2005), various 
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transcripts or genes coding for proteins with homologies to tandem repeat galectins (as well as other 
types of galectins) have been identifi ed (Pace and Baum, 2004). Scanning of the GenBank database 
for insect galectins with molecular weights similar to PpGalec and with two potential CRDs, 8, 15, 
and 6 galectin homologs were identifi ed from Aedes aegypti, Anopheles gambiae, and Drosophila 
melanogaster, respectively. Additionally, an expressed sequence tag (EST) database of Lu. longipal-
pis generated four galectin homologs (Dillon et al., 2006). Recently, a galectin from the tick Orni-
thodoros moubata was reported (Huang et al., 2006). Sequence comparison among one galectin 
from each insect group and galectins from mammals shows that these proteins share conserved 
CRDs (N-terminal and C-terminal) (Figure 33.3A). Phylogenetic analysis of insect galectins shows 
that these molecules form clusters apart from the mammalian galectins and the O. moubata galectin 
(Figure 33.3B). Moreover, insect galectins cluster in three distinct groups, one includes D. melano-
gaster and G. morsitans, the other includes the mosquitoes A. aegypti and A. gambiae, and the third 
cluster includes the sand fl ies P. papatasi and Lu. longipalpis (Figure 33.3B). The amino acids 
involved in carbohydrate binding were conserved in the majority of the sequences (Figure 33.3, 
gray-shaded amino acids). The variation noted in some of the amino acids responsible for carbohy-
drate binding may result in the different carbohydrate specifi cities of these galectins, leading ulti-
mately to a potential difference in their function (Figure 33.3). The role of G. morsitans, A. aegypti, 
and A. gambiae galectins has not been elucidated. The G. morsitans galectin has an arginine for 
histidine and a tyrosine for arginine substitutions in the N-terminal CRD and a serine for aspargine 
substitution in the C-terminal CRD. In the A. aegypti and A. gambiae galectins, all the amino acids 
relevant to sugar binding were highly conserved (Figure 33.3A). Dmgal, a D. melanogaster galectin 
expressed in developing immune, neural, and muscle tissues, was proposed to function in cell–cell 
interactions or to cross-link glycoprotein receptors on the cell surface to trigger signal transduction 
pathways. Interestingly, Dmgal recombinant protein was able to bind to a β-lactose affi nity column, 
suggesting Dmgal may be a functional galectin (Pace et al., 2002).

The P. papatasi galectin (PpGalec) was able to agglutinate parasites and to bind specifi cally to 
the β-galactose sugar moiety of L. major LPG. Interestingly, this galectin as well as the putative 
galectin from Lu. longipalpis had tyrosine for tryptophane substitution in the N-terminal CRD. In 
addition, PpGalec had another alanine for valine substitution in the C-terminal CRD (Figure 33.3A). 
PpGalec is constitutively and specifi cally expressed in the midgut of P. papatasi and functions as a 
receptor for L. major (Kamhawi et al., 2004). In Lu. longipalpis, an EST made from unfed, blood-
fed, and infected (with several pathogens) whole sand fl ies resulted in the identifi cation of four 
galectin homologs (Dillon et al., 2006). However, following the sequencing of approximately 8000 
Lu. longipalpis midgut transcripts (Jochim and Valenzuela, unpublished data), only one partially 
full-length galectin transcript was identifi ed. This suggests that these four putative galectins may not 
be very abundant in the midgut and are probably expressed in other tissues. The tick O. moubata 
galectin (Huang et al., 2006), which also bears similarities to PpGalec, was expressed in different 
tissues including hemocytes, midgut, and reproductive organs. Automated frontal affi nity chroma-
tography showed that the tick galectin was able to bind lactosamine type disaccharides, Galβ1–3(4)
Glc(NAc), providing an insight into the nature of its ligands. This approach may be relevant for the 
determination of the function of other putative galectins and their binding affi nities for different 
oligosaccharides.

33.7 CONCLUSION AND FUTURE DIRECTIONS

Lectins are multifunctional regulatory molecules involved in almost every aspect of biology. There-
fore, it is not surprising to fi nd that they play a signifi cant part in Leishmania–sand fl y interactions. 
In sand fl ies, some lectins are universally induced by blood and can aggregate Leishmania parasites, 
indicating that they function in the innate immunity of the insect. However, a tandem repeat galectin 
identifi ed from P. papatasi is constitutively expressed in adult females and is present in some but not 
all sand fl y species. This galectin has been exploited by L. major parasites that evolved sugar moieties 
on their surface with affi nity for PpGalec. The attachment of the LPG polygalactose side chains of 
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FIGURE 33.3 Sequence analysis of tandem repeat galectins. (A) Clustal alignments of galectin homologs from 
insects including the sand fl ies P. papatasi (PpGalec) and Lu. longipalpis, the mosquitoes A. aegypti and 
A. gambiae, the fruit fl y D. melanogaster, and the tse tse fl y G. morsitans, and from mammals including H. sapiens, 
B. taurus, and R. norvegicus and from the soft tick O. moubata. Black shading and or bold indicates amino acid 
sequence identity and gray regions indicate amino acids involved in β-galactoside binding. The two black bold 
lines on top of the sequences indicate the two carbohydrate recognition domains (CRD). (B) Phylogenetic tree 
analysis of the various insect galectins aligned in (A). Scale represents 0.1 nucleotide substitutions per site.
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L. major to PpGalec is a key survival step necessary for successful transmission of the parasites to 
the mammalian host. However, the true function of PpGalec in the sand fl y remains unknown.

Other galectins have been identifi ed from several insects using high-throughput approaches. 
Similar to PpGalec, the function of these galectins is unknown. Further biological tests or functional 
genomic approaches are needed to understand the biological signifi cance of these galectins. More-
over, because mammalian and insect galectins are highly conserved, the study of insect galectins 
may provide a more accessible model to uncover new functions in this intriguing family of 
proteins.
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34.1 INTRODUCTION

In 1993, Ichijo et al. cloned and characterized new transforming growth factor-β1 (TGF-β1)-binding 
proteins from porcine uterus membranes [1]. The proteins that they termed “fi colin” had both 
collagen-like and fi brinogen-like domains. Since then, many proteins possessing these structural 
characteristics have been identifi ed in both vertebrates and invertebrates at the protein and cDNA 
level (Table 34.1). Ficolins are now recognized as a family of proteins that have both collagen-like 
and fi brinogen-like domains, [2–6] and their mRNA has been identifi ed in a variety of tissues. To 
date, the majority of fi colins characterized at the protein level are lectins that have a common 
binding specifi city for N-acetyl group-containing sugar such as N-acetylglucosamine (GlcNAc). 
Ficolins that are present in serum might have a crucial role in innate immunity by activating the 
complement system via the lectin pathway in a manner similar to mannose-binding lectin (MBL) 
of the collectin family [7]. It is possible that the nonserum fi colins perform a similar role to the 
serum fi colins.

34.2 HUMAN FICOLINS

In humans, there are three kinds of fi colins: L-fi colin, H-fi colin, and M-fi colin, which will be 
discussed in the following sections.
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34.2.1 L-FICOLIN

L-fi colin (synonymous with L-fi colin/P35, fi colin 2, fi colin L, EBP-37, or hucolin) is an oligo-
meric protein consisting of 35 kDa subunits [8,9]. Each subunit is composed of four domains: an 
NH2-terminl region having two cysteine residues (Cys7 and Cys27); a collagen-like sequence; a 
short segment (neck domain); and the COOH-terminus of a fi brinogen-like domain (Figure 34.1A). 
The fi brinogen-like domain forms a globular structure and the overall structure of L-fi colin looks 

TABLE 34.1
Characteristics of Ficolins

Species Ficolins
mRNA 

Expression
Protein 

Identifi ed
Binding 

Substance Function
Gene 
Locus

Number 
of Exons

Human

L-fi colin Liver Serum/plasma GlcNAc (acetyl 
group) elastin 
corticosteroid

Complement 
activation 
opsonin

9q34  8

Liver Serum/plasma GlcNAc Complement 
activation

H-fi colin Lung Bile duct GalNAc 1p35.3  8

Glioma cell Bronchus, 
alveolus

Fucose

M-fi colin Lung Neutrophil GlcNAc Complement 
activation

9q34  9

Monocyte Monocyte

Spleen Alveolar 
epithelial cell

Phagocytic 
receptor

Mouse

Ficolin-A Liver Serum/plasma GlcNAc, 
GalNAc

Complement 
activation

2A3 10

Spleen Elastin

Ficolin-B Bone marrow Macrophage GlcNAc, 
GalNAc

ND 2A3  9

Spleen Sialic acid

Pig

Liver GlcNAc

Ficolin α Lung Serum/plasma Elastin ND   

Bone marrow TGF-β1

Ficolin β Neutrophil Neutrophil TGF-β1 ND

 Bone marrow      

Hedgehog Erinacin ND Muscle Metalloprotease Antihemorrhagic

Xenopus

XeFCN1 Liver, spleen 
heart

Serum GlcNAc, 
GalNAc

ND

XeFCN2 Lung, spleen 
leukocyte

NI ND ND   

XeFCN3 ND NI ND ND

XeFCN4 Lung, spleen NI ND ND

Ascidian

p40 Hepatopancreas hemolymph 
plasma

GlcNAc, GalNAc ND   

 p50 Hepatopancreas hemolymph 
plasma

GlcNAc ND   

Note: ND, not determined; NI, not identifi ed.
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like a “bouquet.” Based on electron microscopy studies of plasma L-fi colin and analyses of recom-
binant L-fi colin, a tetramer structure that consists of four triple helices formed by 12 subunits has 
been proposed for L-fi colin (Figure 34.1B) [6,10,11]. The oligomeric structure of L-fi colin is formed 
by the cross-linking of subunits via disulfi de bridges that involve Cys7 and Cys27 residues [11]. The 
L-fi colin gene (FCN2) is located on chromosome 9q34 and contains eight exons [12]: the fi rst exon 
encodes the 5′ untranslated region, the signal peptide, and nine NH2-terminal amino acids; the 
second and third exons encode the collagen-like domain; the fourth exon encodes the neck domain; 
exons fi ve to seven encode the upstream portion of the fi brinogen-like domain; and the last exon 
encodes the remaining fi brinogen-like domain and 3′ untranslated region. L-fi colin mRNA is 
expressed mainly in liver and its protein product is secreted in the serum. The serum concentration 
of L-fi colin varies in normal adults, and the average value is approximately 3 µg/mL [13–19], 
whereas it is lower in umbilical cord blood (median 2.5 µg/mL).

L-fi colin exhibits a lectin activity toward GlcNAc. It has been shown that L-fi colin recognizes 
an acetyl group in GlcNAc [20], suggesting that L-fi colin is able to bind the GlcNAc residue next 

(A)

N-terminal

Signal

L-FCN

M-FCN

H-FCN

Fcn a

Fcn b

C C

SH

(B)

C C C  C C C

Collagen-
like

Neck

Fibrinogen-like

FIGURE 34.1 (See CD for color fi gure.) (A) Exon organization of the genes encoding human and mouse 
fi colin and the exon-encoding domain structure of fi colin. The boxes depict the exons of the L-fi colin (L-FCN), 
M-fi colin (M-FCN), H-fi colin (H-FCN), mouse fi colin A (Fcn a), and mouse fi colin B (Fcn b) genes. The letter 
C denotes the conserved cysteine residues in fi colin. (B) The tetrameric structure of fi colin.

7269_C034.indd   5077269_C034.indd   507 9/2/2008   6:59:55 PM9/2/2008   6:59:55 PM



508 Animal Lectins: A Functional View 

to galactose at the nonreducing terminal of complex-type oligosaccharides [8]. L-fi colin also 
recognizes β-(1.3)-d-glucan [21]. The fi brinogen-like domain of L-fi colin is responsible for 
lectin activity [13]. Two single nucleotide polymorphisms (SNPs) have been found in exon 8 of 
FCN2, which lead to the substitution of threonine by methionine at codon 236 or to the substitution 
of alanine by serine at codon 258 [19,22]; these SNPs are associated with decreased and increased 
GlcNAc binding, respectively, when compared to wild-type L-fi colin. The polymorphisms at 
positions –986, –602, and –64 in the promoter region of FCN2 are associated with marked changes 
in L-fi colin serum concentrations. L-fi colin binds to Salmonella typhimurium TV119 [8], Escherichia 
coli, several capsulated Staphylococcus aureus serotypes (serotypes T-1, T-8, T-9, T-11, and T-12), 
and capsulated Streptococcus pneumoniae serotypes (11A, 11D, and 11F) but L-fi colin does not 
bind to noncapsulated strains of bacteria [18]. In addition to the lectin activity, L-fi colin binds 
elastin [23]and corticosteroid [24].

The acetyl group-recognizing tachylectins 5A and 5B (TL5A and TL5B), which are found in the 
hemolymph plasma of the horseshoe crab Tachypleus trimentatus, consist of an NH2-terminal Cys-
containing segment and a COOH-terminal fi brinogen-like domain, which, to date, have the highest 
sequence identity to fi colins [25]. Based on the crystal structure of TL5A, the N-acetyl binding site 
is adjacent to and coordinated with the Ca2+-binding site [25]. However, the x-ray structure of the 
fi brinogen-like domain of L-fi colin has revealed that L-fi colin has several carbohydrate-binding 
sites, including a site for GlcNAc-binding, suggesting a versatile recognition property of L-fi colin 
[26]. Interestingly, the GlcNAc-binding site on L-fi colin is different from that of TL5A despite the 
presence of a Ca2+ binding site on L-fi colin which is homologous to that of TL5A.

34.2.2 H-FICOLIN

H-fi colin (synonymous with Hakata antigen, fi colin H, fi colin 3, or β2 thermolabile macroglycoprotein) 
was fi rst identifi ed as a serum antigen that is recognized by an autoantibody present in patients with 
systemic lupus erythematosus [27]. H-fi colin is an oligomer of 34 kDa subunits, which each have the 
same domain organization as L-fi colin. As with L-fi colin, the subunits are linked by disulfi de bridges 
but under nonreducing conditions, H-fi colin resolves in more than 10 bands by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [28]. However, based on electron micros-
copy studies, H-fi colin is thought to have a hexameric structure [29]. The H-fi colin gene (FCN3) is 
located on chromosome 1p35.3 and consists of eight exons whose organization is similar to that of 
L-fi colin (Figure 34.1A). H-fi colin mRNA is expressed in the liver and lung. In the liver, H-fi colin 
is produced by bile duct epithelial cells and hepatocytes and is secreted in bile and serum [30]. The 
concentration of H-fi colin in serum from normal individuals ranges from 7 to 23 µg/mL. In the lung, 
H-fi colin is produced by both ciliated bronchial epithelial cells and Type II alveolar epithelial cells 
and is secreted into the bronchus and alveolus. H-fi colin is also produced in glioma cell lines [31]. 
H-fi colin has been shown to bind GlcNAc, N-acetylgalactosamine (GalNAc), and fucose, but not to 
mannose and lactose [29]. It appears, however, that the binding affi nity of H-fi colin for GlcNAc is 
very weak compared to that of L-fi colin [32]. H-fi colin agglutinates human erythrocytes coated 
with lipopolysaccharide derived from S. typhimurium, Salmonella minnesota, and E. coli (O111) 
[29]. H-fi colin binds to Aerococcus viridans and its polysaccharide preparations.

34.2.3 M-FICOLIN

M-fi colin (synonymous with L-fi colin/P35-related protein, fi colin M, or fi colin 1) mRNA is 
expressed in monocytes, the lung, and the spleen [12,33–35]. The M-fi colin gene (FCN1) is located 
on chromosome 9q34, as with L-fi colin, and its exon organization resembles that of L-fi colin [12]. 
M-fi colin has an extra exon encoding an additional segment of four Gly-Xaa-Yaa repeats (Figure 
34.1A). M-fi colin has been reported to be expressed on the surface of peripheral blood monocytes 
and promonocytic U937 cells [35]. The recombinant fi brinogen-like domain of M-fi colin has affi nity 
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for GlcNAc and an antibody against the recombinant protein inhibits phagocytosis of E. coli by 
U937 cells, suggesting that M-fi colin might play a role in innate immunity by acting as a lectin-like 
phagocytic receptor for microbial pathogens. In contrast, M-fi colin has been shown to be located in 
secretory granules in the cytoplasm of peripheral neutrophils and monocytes, and in type II, alveolar 
epithelial cells in the lung, suggesting that M-fi colin is a secretory protein [36]. Recombinant 
M-fi colin exhibits lectin activity toward acetylated compounds including GlcNAc, GalNAc, and 
sialic acid [36,37], and binds to S. aureus and S. typhimurium LT2.

34.3 FICOLINS OF NONHUMAN SPECIES

34.3.1 MOUSE

Two types of fi colins (fi colin-A and fi colin-B) are present in mice. Ficolin-A mRNA is highly 
expressed in the liver and spleen. In the liver, expression of fi colin-A mRNA increases during 
mouse development, peaking around birth but declining slightly in adulthood. Ficolin-A mRNA 
has been detected in macrophages obtained from the adult mouse liver and spleen. The fi colin-A 
protein is present in plasma as a GlcNAc-binding lectin and is a tetramer with 12 subunits, as with 
human L-fi colin [10]. cDNA cloning has revealed the presence of a fi colin-A variant that has a 
shorter collagen-like domain and a longer gap sequence that is generated from the fi colin A gene 
by alternative splicing [38]. Ficolin-B is expressed in bone marrow and spleen [10]. The expression 
of fi colin-B mRNA increases during mouse development, peaking 2 or 3 days before birth. 
Ficolin-B mRNA in the liver declines to undetectable levels by 4 weeks of age. The expression of 
fi colin-B switches from the embryonic liver to postnatal bone marrow (myeloid cell lineage) and 
spleen [39]. The fi colin-B protein has been reported to be localized in lysosomes of activated 
macrophages [40].

The fi colin-A gene is located some distance from the fi colin-B gene on chromosome 2A3. The 
fi colin-B gene is located in a region homologous to the human L-fi colin and M-fi colin genes locus. 
The fi colin-A gene consists of 10 exons (Figure 34.1A); the fi rst exon encodes a signal peptide; 
exons 2 to 4 encode a region upstream of the collagen-like domain; the fi fth exon encodes additional 
Gly-X-Y repeats and a neck domain; the sixth exon encodes an additional neck domain; and exons 
7 to 10 encode the fi brinogen-like domain. The fi colin-B gene contains nine exons that are organized 
in a similar manner to fi colin-A, except that fi colin-B lacks the fi fth exon that is found in the 
fi colin-A gene (Figure 34.1A). The exon organization of the fi colin-B gene is very similar to that of 
the M-fi colin gene. The mouse homolog of the H-fi colin gene exists as a pseudogene on chromosome 
4 [41] Recombinant mouse fi colin-A, its splice variant, and fi colin-B exhibit a lectin activity toward 
GlcNAc and GalNAc, and, as with human M-fi colin, murine fi colin-B also recognizes sialic acid 
[38]. Recombinant mouse fi colin-A and fi colin-B bind to S. aureus and the binding is partially inhibited 
by GlcNAc. As with human L-fi colin, murine fi colin-A also binds to elastin [42].

34.3.2 PIG

As described in Section 34.1, fi colins were fi rst discovered as a TGF-β1-binding protein iso-
lated from porcine uterine membrane preparations [43]. cDNAs encoding two types of fi colin, 
fi colin α and fi colin β, have been reported [1]. The expression of fi colin α mRNA is high in tissue 
from the lung, liver, and bone marrow, but is low in uterus. Ficolin is present in porcine plasma as 
a GlcNAc-binding protein with binding specifi city for N-acetyl groups [44–47]. There are two spe-
cies of fi colin α in porcine plasma: one forms a tetramer of 12 subunits that has a high affi nity for 
GlcNAc [47] and the other forms a dimer consisting of 24 subunits that exhibits a low to negligible 
affi nity for GlcNAc. Based on the structural analyses of recombinant fi colin α, a model has been 
proposed in which two cysteine residues in the N-terminal are involved in interchain disulfi de 
bridges, resulting in a tetrameric structure, as with human L-fi colin [48]. Ficolin α binds to 
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 Actinobacillus pleuropneumoniae serotype 5B, E. coli O26, S. aureus, Bacillus cereus, Bacillus 
subtilis, Enterococcus faecium, and Corynebacterum bovis [44–46]. It also binds to lipopolysac-
charides from Gram-negative bacteria (E. coli, S. typhimurium, Salmonella enteritidis, Salmonella 
abortus equi, Pseudomonas aeruginosa, Shigella fl exeneri, and Serratia marcescens) and with 
lipoteichoic acid from Gram-positive bacteria (Streptococcus sanguis, B. subtilis, Streptococcus 
pyogenes, and S. aureus) [46]. Recombinant porcine fi colin binds to elastin, as does human L-fi colin 
and murine fi colin α [49]. Ficolin β mRNA is weakly expressed in bone marrow and neutrophils, 
but is not found in the uterus. Ficolin β is located in the membrane and cytoplasmic fractions of 
nonactivated neutrophils [50]. Upon activation with phorbol myristate acetate, the majority of fi colin 
β is secreted.

Based on the mRNA expression and the location of human, murine, and porcine fi colins, these 
proteins are classifi ed into two types: the serum type and the nonserum type. Serum-type fi colins 
(human L-fi colin, H-fi colin, mouse fi colin-A, and porcine fi colin α) are expressed mainly in the 
liver and are secreted in the serum [51]. The nonserum-type fi colins (human M-fi colin, mouse 
fi colin B, and porcine fi colin β) are expressed mainly in nonhepatic tissues, such as peripheral 
leukocytes and bone marrow.

34.3.3 HEDGEHOG

Erinacin is a protein found in muscle extracts of the European hedgehog (Erinaceus europaeus) that 
consists of two types of subunits in the ratio 1:2 and has a molecular weight of approximately 
100 kDa. Erinacin appears to be a member of the fi colin family, given preliminary sequence data, 
although the complete primary structure is not currently available [52]. Erinacin inhibits a metallo-
protease in the venom of Bothrops jararaca, and therefore acts as an antihemorrhagic factor. It is 
unknown whether Erinacin has lectin activity.

34.3.4 XENOPUS

Four fi colin cDNAs have been cloned from Xenopus laevis [53]. These fi colins, termed Xenopus 
fi colin (XeFCN) 1, 2, 3, and 4, show a 60%–83% identity between one another at the protein level. 
XeFCN1 is expressed mainly in tissues of the liver, spleen, and heart. Two types of XeFCN1 are 
found in the serum: one of 37 kDa and another of 40 kDa; each has different N-linked carbohydrates 
and both specifi cally recognize GlcNAc and GalNAc. XeFCN2 and XeFCN4 are mainly located in 
peripheral blood leukocytes, lung, and spleen tissues, whereas XeFCN3 is undetectable by Northern 
blotting.

34.3.5 ASCIDIAN

cDNAs encoding four types of fi colins (AsFCNs) have been cloned from the hepatopancreas of the 
solitary ascidian, Halocynthia roretzi. The four ascidian fi colins show 63%–93% identity to each 
other at the protein level. They contain short collagen-like domains with fi ve Gly-Xaa-Yaa repeats 
and have long segments between the collagen-like domain and the fi brinogen-like domain, when 
compared with mammalian fi colins. Two types of GlcNAc-binding lectins (p40 and p50) have been 
isolated from the hemolymph plasma [54]. p40 is a mixture of AsFCN1 and AsFCN2, while p50 is 
identical to AsFCN3. p40 recognizes N-acetyl groups in association with a pyranose ring such as 
GlcNAc and GalNAc, while p50 recognizes GlcNAc alone.

The gene localization, organization, and phylogenetic tree of the fi colin family suggests that 
the fi colin-B gene was the ancestral gene, and that the genes encoding the serum-type fi colins, 
L-fi colin and fi colin-A, evolved from common fi colin-B/M-fi colin lineages [41]. A putative scenario 
for the evolution of the fi colin family is that a gene duplication event, prior to the emergence of 
Xenopus, generated two prototypes: the H-fi colin and fi colin B/M-fi colin lineages from a common 
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ancestor. Thereafter, further divergent gene duplications of the fi colin B/M-fi colin lineage took 
place independently in individual species. As a result, the murine fi colin-A and -B genes and human 
L- and M-fi colin genes evolved.

34.4 ROLES OF FICOLINS IN INNATE IMMUNITY

Serum fi colins play a crucial role in innate immunity by binding to carbohydrates on the surface of 
a variety of bacteria in an antibody-independent manner. Human L-fi colin acts as an opsonin and 
enhances phagocytosis of neutrophils when bound to S. typhimurium TV119, an Ra chemotype 
strain that has a GlcNAc residue at the nonreducing terminus of its lipopolysaccharides [8,15]. 
Human and murine serum fi colins activate the complement system via the lectin pathway.

The lectin pathway was identifi ed as the third mechanism of complement activation initiated by 
MBL [55]. MBL is a serum opsonic lectin with binding specifi city for mannose, GlcNAc, glucose, 
and fucose. Human MBL is complexed with three types of serine protease: MASP-1, MASP-2, and 
MASP-3, and with sMAP (also called MAp19), which is a truncated form of MASP-2 [56]. The 
three types of MASP share the same domain structure (CUB1, EGF, CUB2, CCP1, CCP2, and 
serine protease domain). In the lectin pathway, upon binding of the MBL–MASP complexes to 
carbohydrates on the surface of microorganisms, MASP-2 within the complex becomes activated 
and acquires proteolytic activity against complement components C4 and C2 [57]. Functions of the 
other MASPs and sMAP in the complex remain to be elucidated.

As with MBL, L-fi colin and H-fi colin are present in a complex with the three types of MASP 
and sMAP in human serum [58,59]. MASP-1, MASP-2, MASP-3, and sMAP bind to L-fi colin in 
the presence of Ca2+. The binding site on sMAP for L-fi colin has been mapped to the distal end of 
the CUB1 module [60]. L-fi colin–MASP complexes bind to S. typhimurium TV119 [58], β-(1.3)-
d-glucan [21] and immobilized lipoteichoic acid from clinically important bacteria, including 
S. pyogenes, Streptococcus agalactiae, and S. aureus, leading to C4 activation [61]. L-fi colin–
MASP complexes also bind to capsular polysaccharides of serotype III group B streptococci, a 
common cause of neonatal sepsis and meningitis, which leads to opsonophagocytic killing by 
neutrophils in the presence of human serum [62]. This opsonophagocytic killing is mediated by 
lectin pathway activation followed by alternative pathway activation. The H-fi colin–MASP com-
plex binds to polysaccharides from Aerococcus viridance, which are coated on microplates, and 
activates C4 [59]. In addition, the H-fi colin–MASP complex exhibits in vitro bactericidal activity 
against A. viridans in the presence of human serum [63]. It has been shown that recombinant 
M-fi colin forms complexes with MASP-1 and MASP-2 and that M-fi colin–MASP complexes, 
which had been bound to GlcNAc or acetylated compounds, activates C4 [36]. Recombinant 
mouse fi colin-A and its variant, but not fi colin B, bind to mouse MASP-2 and sMAP, resulting in 
complement activation, suggesting that mouse fi colin-A and its variant act as recognition mole-
cules of the lectin pathway.

34.5 ASSOCIATION OF FICOLINS WITH DISEASES

Ficolins might be associated with disease complications and infl ammatory conditions. For example, a 
low serum concentration of L-fi colin has been reported to be associated with certain diseases: patients 
with hematological malignancies receiving chemotherapy have low L-fi colin levels when compared 
with healthy controls [16] and an increased incidence of low L-fi colin was found in children with 
respiratory infection, especially atopic disorders, when compared with healthy controls, suggesting a 
role for L-fi colin in protection from the microbes that may complicate allergic diseases [17]. Further-
more, L-fi colin concentrations were abnormally low in a handful of patients who experience recurrent 
miscarriages [14]. Glomerular deposition of L-fi colin along with MBL, MASPs, and C4d was observed 
in 25% of patients with IgA nephropathy (IgAN) and was associated with more pronounced histologic 
damage, such as increased mesangial proliferation and extracapillary proliferation, suggesting a 
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contribution of the lectin pathway in the progression of IgAN [64]. A signifi cant difference in the 
frequency of −557 and −64 SNPs in the promoter of the FCN2 gene have been found between HLA-
B51 positive and HLA-B51 negative groups of patients with Behcet’s disease [65]. Autoantibodies 
against H-fi colin were found in 4.3% of patients with systemic lupus erythematosus and in 0.3% of 
patients with other autoimmune diseases, such as chronic glomerulonephritis and primary biliary 
cirrhosis [66]. The pathophysiological implications of these autoantibodies remain to be elucidated. 
Lectin pathway activation by H-fi colin was observed in the peritubular capillary in the kidney 
allograft [67].

34.6 FICOLINS AND APOPTOSIS

Several lines of evidence suggest that fi colins might play a role in apoptosis. Serum L-fi colin has 
been shown to bind to apoptotic HL60, U937, and Jurkat T cells, while H-fi colin binds to apoptotic 
Jurkat T cells, but not to apoptotic HL60 and U937 [68]. Deposition of C4 and C3 on the apoptotic 
cells was observed. Purifi ed L-fi colin and H-fi colin also bound to the apoptotic cells, and to cC1q 
receptor/calreticulin. Moreover, L-fi colin has been shown to bind to late apoptotic Jurkat T cells, 
apoptotic bodies, and necrotic cells, but not to early apoptotic cells [69] and the binding of L-fi colin 
to apoptotic cells was not inhibited by GlcNAc. L-fi colin has been shown to bind to DNA in a 
calcium-dependent manner and DNA inhibits the binding of L-fi colin to late apoptotic and necrotic 
cells, indicating that DNA but not GlcNAc is a ligand for L-fi colin. C4 deposition has been observed 
on necrotic cells and opsonization has been shown to enhance the attachment/uptake of necrotic 
cells by macrophages. Taken together, these fi ndings suggest that fi colins participate in the clearance 
of dying host cells by activating complement to maintain homeostasis.

34.7 CONCLUSION AND FUTURE DIRECTIONS

Serum fi colins are important as pattern recognition molecules in innate immunity in both vertebrates 
and invertebrates. In addition to innate immunity, they may also play a role in apoptosis. Conversely, 
the functions of the nonserum fi colins are not fully understood. It is possible, however, that the major 
function of nonserum fi colins is associated with innate immunity. Although the binding specifi city for 
carbohydrates varies within the fi colin family, it is likely that the N-acetyl group is a ligand for the 
majority of fi colins. GlcNAc, a carbohydrate that contains an N-acetyl group, is widely distributed on 
the surface of microbes. Therefore, fi colins are able to bind and eliminate a variety of microbial 
pathogens bearing GlcNAc by direct opsonic activity and activation of the lectin complement pathway. 
The function of serum fi colins also extends to MBL, suggesting that these proteins have a similar role 
in innate immunity.
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35.1 INTRODUCTION

A number of Ca2+-dependent lectins have been found in various invertebrates. Many of them belong 
to C-type lectin family, which contain C-type carbohydrate recognition domains (CRDs) [1,2], 
and assumed to be involved in defense against foreign pathogens [3]. Four Ca2+-dependent, Gal/
GalNAc-specifi c lectins (CEL-I, II, III, and IV) have been isolated from the body fl uid of the marine 
invertebrate (sea cucumber), Cucumaria echinata [4]. Among these, CEL-I and CEL-IV belong to 
the C-type lectin family [5,6], while CEL-III is a novel lectin that exhibits strong hemolytic and 
cytotoxic activities [7,8]. Based on several structural and biochemical analyses, it was subsequently 
found that CEL-III belongs to ricin-type (R-type) lectin family in spite of the Ca2+ dependency and 
its hemolytic activity is mediated by formation of ion-permeable pores composed of its oligomers in 
the target cell membranes [9]. Self-oligomerization of CEL-III in the membranes is mediated by 
conformational changes of the protein, triggered by binding to the cell surface carbohydrate chains. 
The three-dimensional structure of this lectin, along with its complex with specifi c carbohydrate, 
has recently been solved by x-ray crystallographic analysis and has provided important clues to 
speculate the mechanism of the hemolytic action. This chapter describes characteristic features of 
CEL-III as a hemolytic lectin and its putative mechanism of hemolytic activity on the basis of the 
structural information.

35.2 CARBOHYDRATE-BINDING ACTIVITY

Carbohydrate-binding specifi city of CEL-III was originally estimated by inhibition of hemolysis 
by various carbohydrates [4]. The results were later confi rmed by the solid-phase assay using 
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carbohydrate-immobilized microplate (Table 35.1) [10]. CEL-III bound N-acetyl-d-galactosamine 
most strongly among simple carbohydrates tested, followed by lactose and lactulose. Preferential 
affi nity for β-galactosides was found from the comparison between methyl α-galactoside and 
methyl β-galactoside as well as between lactose (Galβ1-4Glc) and melibiose (Galα1-6Glc), 
although affi nity of β-galactosides was only about twice that of α-galactosides. Since fucose 
(6-deoxy-d-galactose) showed affi nity comparable to galactose, the hydroxyl group at 6-position 
of galactose seems to have little contribution for interaction with CEL-III. This was subsequently 
confi rmed from the three-dimensional structure of CEL-III/carbohydrate complex revealed by 
x-ray crystallography, in which 6-OH of bound GalNAc was oriented to the opposite direction 
from the binding site of CEL-III. Ca2+ dependency of CEL-III for carbohydrate-binding activity 
was also examined by the solid-phase carbohydrate-binding assay; the affi nity for Ca2+ was found 
to be relatively low (Kd = 2.3 mM), compared with other Ca2+-binding proteins with EF-hand 
structure, such as calmodulin, which show much higher affi nity for Ca2+ (Kd = ∼10−6 M).

35.3 HEMOLYTIC AND CYTOTOXIC ACTIVITIES

CEL-III exhibits strong hemolytic activity toward human and rabbit erythrocyte, whereas suscepti-
bility to hemolysis was much less for horse and sheep erythrocytes, suggesting that the difference in 
its cell surface receptors (carbohydrate chains) may largely affect the susceptibility of the cells to the 
hemolytic action [4,7]. The hemolytic activity can be inhibited by specifi c carbohydrates containing 
galactose-related carbohydrates, such as GalNAc and lactose, indicating that binding to the carbo-
hydrate chains on erythrocyte surface is a crucial step to the hemolytic action. CEL-III also exhibits 
strong cytotoxicity for some cultured cell lines. For example, Madin-Darby canine kidney (MDCK) 
cells showed high susceptibi-lity to cytotoxicity of CEL-III (LD50 = 53 ng/mL), whereas no signifi -
cant cytotoxicity was observed with Chinese hamster ovary (CHO) cells up to 10 mg/mL [8]. The 

TABLE 35.1
Comparison of the Affi nity of Carbohydrates for CEL-III Measured 
by the Solid-Phase Binding Assay and Inhibition of Hemolysis

Carbohydrate Solid-Phase Method (Ki)a (mM)
Inhibition of Hemolysis 
by Carbohydrateb (%)

GalNAc  1.8  12.5

Lactose  2.0  18.8

Lactulose  2.1  15.6
Methyl β-galactoside  2.9  28.1
Methyl α-galactoside  6.2  39.1

Fucose  4.0  34.4

Galactose  4.2  40.6

Melibiose  5.5  46.9

Raffi nose  4.7  56.3

Mannose  9.7 100

GlcNAc 13.0  —

Glucose 14.7 100

Note: All the carbohydrates used were of the d-confi guration.
a Ki denotes carbohydrate concentration for 50%-inhibition of binding of CEL-III to lactose-coated 

microplate wells. (From Hatakeyama, T., Miyamoto, Y., Nagatomo, H., Sallay, I., and Yamasaki, N., 
J. Biochem., 121, 63, 1997.)

b Hemolysis by CEL-III was measured using rabbit erythrocytes. (From Hatakeyama, T., Kohzaki, H., 
Nagatomo, H., and Yamasaki, N., J. Biochem., 116, 209, 1994.)
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experiments using FITC-labeled CEL-III demonstrated that the amount of CEL-III bound to MDCK 
cells was about twofold greater than that to CHO cells. This supports the idea that the activities of 
CEL-III are largely dependent on its lectin activity to bind to cell surface carbohydrates.

It has been originally assumed that hemolytic action of CEL-III might be caused by some 
enzymatic activity, such as phospholipase-like activity, after binding to the cell surface carbohydrate 
chains. However, analysis of the membrane lipids of the erythrocytes treated with CEL-III indicated 
no detectable difference with those of intact erythrocyte membrane. In addition, hemolytic action of 
CEL-III was most effective at lower temperatures around 10°C, and decreased markedly with 
increasing temperature. These suggest that CEL-III causes hemolysis through nonenzymatic action. 
On the other hand, hemolytic activity of CEL-III was apparently inhibited by soluble polymers, such 
as dextrans with molecular masses of more than 4000, while leakage of small molecules, such as 
ATP, was observed in such erythrocytes protected by dextran [7]. This suggests that the CEL-III 
forms ion-permeable membrane pores, and thereby leading to osmotic rupture of the cells. Other 
experiments using artifi cial lipid vesicles also indicated that CEL-III forms membrane pores in the 
lipid membranes containing glycolipids as receptors [9,11,12]. Such a membrane pore-forming 
activity has also been known for several bacterial protein toxins [13–15] as well as some invertebrate 
ones [16,17].

35.4 SELF-OLIGOMERIZATION OF CEL-III

There is a remarkable pH-dependent profi le in hemolytic activity of CEL-III; the activity drastically 
increased with increasing pH from neutral to at pH 10, whereas almost no hemolysis was observed below 
pH 6.5 (Figure 35.1). In acidic region, only hemagglutination of erythrocytes was observed instead, 
indicating that the protein still retains carbohydrate-binding ability, but not pore-forming ability. 
When rabbit erythrocyte membranes treated with CEL-III at different pHs were subjected to immu-
noblotting analysis using anti-CEL-III antiserum, irreversible binding of the CEL-III oligomer of 
about 270 kDa was observed in alkaline region, particularly those treated at higher pHs (Figure 35.2) 
[9], demonstrating that higher pH signifi cantly promoted irreversible binding of CEL-III to the 
membrane as an oligomeric form. This is in agreement with the increase in hemolytic activity of 
CEL-III at higher pH values. Self-oligomerization of CEL-III was also observed in the cell membranes 

FIGURE 35.1 pH-dependence of the hemolytic activity of CEL-III. Activity measurements were performed 
in duplicate with 0.5 mg/mL ( ) or 5 mg/mL (•) CEL-III and 5% rabbit erythrocytes in the presence of 0.15 M 
NaCl and 10 mM CaCl2. The value for the erythrocytes lysed with 0.1% Triton X-100 was taken as 100%.
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of cultured cells that are susceptible to toxicity of CEL-III [18]. These observations indicate that the 
extent of hemolytic and cytotoxic activities of CEL-III is closely related with the amount of its oli-
gomers formed in the target cell membranes. Therefore, it was concluded that the membrane pores 
were formed by membrane-inserted CEL-III oligomers, which were presumably composed of six 
monomers, as estimated from their size on SDS-PAGE. Although CEL-III oligomers form such 
strongly associated oligomers in the membrane once bound to the carbohydrate chains on susceptible 
cell, CEL-III monomer shows little tendency to oligomerize in buffer solution at neutral pH values. 
This suggests that oligomerization of CEL-III molecules is greatly promoted through some structural 
changes triggered by its binding to target cell surface.

35.5 OLIGOMERIZATION IN SOLUTION

Although CEL-III effectively oligomerizes upon binding to the susceptible cell surface in the alka-
line region to lead hemolysis, self-oligomerization was also found to take place in aqueous solution 
upon binding of specifi c carbohydrates under high pH and high salt conditions, e.g., at pH 10 and in 
the presence of 1 M NaCl. The resulting CEL-III oligomer (carbohydrate-induced oligomer) showed 
a single band on SDS-PAGE, which was similar in size as that formed in the cell membranes treated 
by CEL-III [9]. This suggests that the formation of the carbohydrate-induced oligomers is based on 
essentially similar mechanism as that for the oligomer formed in the cell membranes (hemolytic 
oligomer). On the other hand, the mass of carbohydrate-induced oligomers was determined by 
small-angle x-ray scattering as more than 1000 kDa (more than 20-mer) [19], which was much 
larger than that estimated on SDS-PAGE (270 kDa). This suggests that the core oligomers of 270 kDa, 
which was observed on SDS-PAGE, further associate in aqueous solution by relatively weak hydro-
phobic interaction. In fact, increase in surface hydrophobicity during carbohydrate-induced 
oligomerization in solution was observed by the measurement using the fl uorescent probe 8-anilino-
1-naphthalenesulfonate [9]. Far-UV circular dichroism spectra revealed an increase in β-sheet 
content in this carbohydrate-induced oligomer, compared with its monomer, suggesting that 
carbohydrate-induced oligomerization proceeds through conformational change accompanied by an 

FIGURE 35.2 Immunoblotting of the erythrocyte membranes treated with CEL-III. The membranes were 
prepared from the CEL-III-treated erythrocytes at indicated pH values and subjected to SDS-PAGE. After 
electrophoretic transfer to a nitrocellulose membrane, CEL-III was detected with mouse anti-CEL-III 
antiserum.
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increase in β-sheet content. Since the binding of specifi c carbohydrates, especially galactoside 
containing β1–4 linkage at their nonreducing ends are required for carbohydrate-induced oligomer-
ization in solution, it seems likely that specifi c carbohydrate chains on the target cell surface also 
trigger conformational change of CEL-III to induce conformational changes, leading to its membrane 
insertion. Both carbohydrate-induced oligomer and hemolytic oligomer, which was solubilized 
using detergent from the erythrocyte membrane, retained carbohydrate-binding ability, whereas they 
no longer exhibited hemolytic activity. This suggests that insertion of CEL-III molecules into the 
cell membrane is coupled with self-association process, and once associated, the protein loses 
the ability to be inserted into cell membrane to form membrane pores.

35.6 AMINO ACID SEQUENCE OF CEL-III

Amino acid sequence of CEL-III was determined from its cDNA and partial amino acid sequences 
[20]. As shown in Figure 35.3, CEL-III is composed of a single polypeptide with 432 amino acid 
residues (47.5 kDa). From the database search, sequence homology with the B-chains of the plant 
toxic lectins, ricin and abrin, was found in its N-terminal two-thirds. The B-chains of ricin and abrin 

FIGURE 35.3 Comparison of the amino acid sequence of CEL-III with that of ricin B-chain (A), and domain 
structure of CEL-III (B). (A) Identical amino acids are enclosed in boxes. Half-cystines involved in internal 
disulfi de bonds in ricin B-chain and corresponding residues in CEL-III are marked by asterisks. Hydrophobic 
region is indicated by a horizontal bar. N-terminal pyroglutamic acid of CEL-III is indicated by “<  ”. (B) Domains 
1 and 2 are carbohydrate-binding domains, each composed of three subdomains. Hydrophobic region (residues 
320−350) in domain 3 is shown in dark gray.
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are known to be lectin subunits, which are composed of two carbohydrate-binding domains, while 
their A-chains exert N-glycosidase activity and inactivate 60S subunits of ribosomes in eukaryotic cells, 
thereby exhibiting strong cytotoxicity. Sequence identity between domains 1 and 2 of CEL-III and 
ricin and abrin B-chains was only 24% and 29%, respectively. However, as shown in Figure 35.3A, 
similarity was particularly seen for eight half-cystines, which are involved in intrachain disulfi de 
bonds in ricin B-chain, suggesting that they adopt similar tertiary structure in spite of the relatively 
low sequence identity. Ricin and abrin B-chains contain two carbohydrate-binding domains, which 
are known as β-trefoil domains, showing pseudo threefold symmetry. Each of these two domains is 
composed of three subdomains that share internal sequence similarity, and this is also the case for 
CEL-III (subdomains 1α-1γ and 2α-2γ) (Figure 35.3B). However, in contrast to ricin B-chain that 
shows only little sequence identity among its subdomains, those of CEL-III show fairly high 
sequence similarities with each other (up to 54% identity between subdomains 2α and 2β), suggest-
ing their more symmetrical β-trefoil structure. This has been confi rmed by x-ray crystallographic 
analysis as described below. In contrast to domains 1 and 2, the C-terminal region (domain 3) shows no 
homology with other known proteins. Since two distinct functions, i.e., carbohydrate-binding and 
oligomerization in the cell membrane, should be required for the hemolytic action and there is a 
hydrophobic segment of residues 320–350 in domain 3 (Figure 35.3A), it was inferred that domain 
3 is primarily responsible for oligomerizing ability of CEL-III.

35.7 THREE-DIMENSIONAL STRUCTURE OF CEL-III

Three-dimensional structure of CEL-III has been solved by x-ray crystallographic analysis (Figure 
35.4) [21]. The domain structure proposed based on the amino acid sequence was consequently 
manifested in the crystal structure. Domains 1 and 2 adopt β-trefoil fold, each of which contains 
three subdomains aligned to give pseudo threefold symmetry (Figure 35.5A). Each subdomain, 
except for subdomain 1β, contains one Ca2+ ion, and there is one Mg2+ ion at the center of the psuedo 
threefold axes. The presence of metal ions in domains 1 and 2 is the most conspicuous difference 
with other proteins having β-trefoil domains, which generally contain no metal ions (Figure 35.5B). 
As described below, Ca2+ ions are directly involved in binding with carbohydrates, while subdomain 
1β, which has no Ca2+, shows no carbohydrate-binding ability. This is in agreement with the fact that 
subdomain 1β lacks two aspartic acid residues responsible for Ca2+-binding (Figure 35.6).

As seen in the comparison with ricin B-chain (Figure 35.5), pseudo threefold symmetry is more 
evident in CEL-III compared with that of ricin B-chain. This seems to be closely related to that 
CEL-III shows carbohydrate-binding ability at fi ve of six subdomains [22], whereas ricin B-chain 
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FIGURE 35.4 (See color insert following blank page 170. Also see CD for color fi gure.) Overall structure 
of CEL-III depicted as a ribbon model. Bound Mg2+ and Ca2+ ions are indicated by balls.

7269_C035.indd   5227269_C035.indd   522 9/6/2008   2:50:13 PM9/6/2008   2:50:13 PM



Hemolytic Lectin in Marine Invertebrates 523

has only two or three active binding sites [23–25]. In contrast to N-terminal two carbohydrate-
binding domains, C-terminal domain 3 showed a novel fold with extended β-sheet structure and 
characteristic two α-helices oriented nearly perpendicular to these β-strands (Figure 35.4). These 
α-helices correspond to the hydrophobic region of domain 3 (residues 320−350) and situated in the 
cleft formed between domains 1 and 2.

35.8 CARBOHYDRATE RECOGNITION MECHANISM

Figure 35.7A shows a carbohydrate-binding site (subdomain 1γ) of CEL-III/GalNAc complex [22]. 
As seen in this fi gure, 3-OH and 4-OH groups of bound GalNAc form coordinate bonds with a Ca2+ 

FIGURE 35.5 (See color insert following blank page 170. Also see CD for color fi gure.) Comparison 
of β-trefoil domains between CEL-III (A) and ricin B-chain (B). Bound carbohydrates are shown as stick 
models.
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ion. 3-OH group also makes a hydrogen bond with Gln137 which is fi xed by a hydrogen bond with 
a water molecule coordinating the Ca2+ ion. On the other hand, 4-OH group forms hydrogen bonds 
with Asp121 and the amide NH of Gly124. In addition to the coordinate and hydrogen bonds, bind-
ing of GalNAc is further stabilized by stacking interaction between the hydrophobic face of GalNAc 
and side chain of Tyr134. These interactions between bound GalNAc and the protein, including 
stacking with aromatic residues, Try and Trp (Figure 35.6), are shared in all the binding sites in 
CEL-III/GalNAc complex. Carbohydrate-binding ability in fi ve subdomains of CEL-III appears to 
be closely related with their relatively high sequence similarities [20]. This also suggests that CEL-
III may conserve more primitive feature of β-trefoil domains, which have been evolved from an 
ancestral protein module of about 40 residues with carbohydrate-binding ability. The presence of 
multiple binding sites in a single protein molecule should be advantageous to make substantial bind-
ing affi nity for carbohydrate chains on the cell surface. It has recently been suggested that the lipid 
rafts, which contain various glycolipids, function as receptors for several bacterial toxins [26,27]. 
Since lactosyl ceramide was found to be the most effective receptor glycolipid for CEL-III in human 
erythrocyte membrane [11], it seems likely that multiple carbohydrate-binding sites are advanta-
geous to recognize glycolipid clusters existing in the lipid rafts on the target cell membrane.

Although carbohydrate-binding domains of CEL-III adopt β-trefoil fold, their Ca2+-dependent 
carbohydrate recognition mechanism resembles those for C-type CRDs [28] in spite of the lack of 
structural similarity. In both cases, OH groups of bound carbohydrates form coordinate bonds with 
Ca2+ as well as hydrogen bond networks with the nearby amino acid side chains (Figure 35.7A and 
B). On the other hand, the orientation of the carbohydrate bound to CEL-III is very similar to that 
for ricin B-chain (Figure 35.7C). To our knowledge, CEL-III is the fi rst lectin having the β-trefoil 
fold, which utilizes Ca2+ ion to recognize OH groups of specifi c carbohydrates by forming coordi-
nate bonds. It seems possible that CEL-III acquired Ca2+-mediated carbohydrate-recognition ability 
during evolution because of this animal’s Ca2+-rich environment in seawater.

35.9 MECHANISM OF HEMOLYTIC ACTIVITY

Chymotryptic digestion of carbohydrate-induced oligomer yielded the protease-resistant core frag-
ments of about 91 kDa. From its N-terminal sequence analysis, this core fragments was found to be 
exclusively composed of domain 3 fragments, indicating that CEL-III molecules were strongly held 
in the oligomer through interactions between domain 3. On the other hand, partial digestion of intact 
CEL-III monomer using trypsin produced domain 2 and domain 3 fragments. The former exhibited 
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FIGURE 35.7 Comparison of carbohydrate-binding sites of CEL-III (A), a C-type lectin CEL-I (B) (From 
Sugawara, H., Kusunoki, M., Kurisu, G., Fujimoto, T., Aoyagi, H., and Hatakeyama, T., J. Biol. Chem., 279, 
45219, 2004), and ricin B-chain (C) (From Rutenber, E., Katzin, B.J., Ernst, S., Collins, E.J., Mlsna, D., Ready, 
M.P., and Robertus, J.D., Proteins, 10, 240, 1991). Hydrogen and coordinate bonds are indicated by dashed 
lines.
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binding ability to the GalNAc-immobilized affi nity column, while the latter showed no carbohydrate-
binding activity and was isolated as an oligomerized form by gel fi ltration [29]. This result indicates 
that, once separated from other domains, domains 3 spontaneously proceeds to self-oligomeriza-
tion, which may be triggered by exposure of the interface between domain 3 and two carbohydrate-
binding domains to the solvent.

In the crystal structure of CEL-III, there are two α-helices (H8 and H9) in the cleft formed 
between the two carbohydrate-binding domains. They correspond to the hydrophobic region (resi-
dues 320−350) in domain 3 (Figure 35.4). Recently, we have found that the glutathione-S-transferase 
(GST)-fusion protein containing this α-helix region peptide at the C-terminus exhibits strong self-
oligomerization tendency [30], which suggests that this region is closely related to oligomerization 
ability of CEL-III. There is a conspicuous feature in the amino acid sequence in this region that it 
contains several alternating hydrophobic and hydrophilic residues at every second positions (Figure 
35.8A). Such sequences have also been found in the membrane-binding regions of several pore-
forming toxins of bacterial origin [31], representatively α-hemolysin from Staphylococcus aureus 
(Figure 35.8B). In the heptameric structure of this toxin formed in the presence of detergent micelles, 
β-hairpins from each monomer are aligned to form a pore composed of β-barrel, in which hydropho-
bic and hydrophilic residues face exterior and interior side of the pore, respectively [13,14]. There-
fore, it might be possible that the α-helix region of CEL-III also forms such an amphiphilic β-barrel 
when inserted into target cell membranes (Figure 35.9A). In fact, far-UV CD-spectra of chemi-
cally synthesized α-helix region peptides indicated that they adopt β-sheet structure in aqueous solu-
tion, which was particularly promoted in the presence of artifi cial lipid vesicles [30]. On the other 
hand, several synthetic peptides corresponding to different parts of this region exhibited antibacterial 
activity toward Gram-positive bacteria, S. aureus and Bacillus subtilis; the highest activity was 
observed with the peptide corresponding to residues 332−351 [32]. It was further revealed that 

FIGURE 35.8 Amino acid sequences of the α-helix region of CEL-III (A) and the membrane-binding region 
of Staphylococcal α-hemolysin (B). Hydrophobic residues are enclosed in circles and two α-helices (H8 and 
H9) in domain 3 of CEL-III are indicated by dashed lines.
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antibacterial activity of these peptides was caused by a marked permeabilization of the bacterial cell 
membranes. These results also support that the α-helix region in domain 3 can interact with the cell 
membranes. Based on these experimental results, it was inferred that when exposed to solvent, the 
α-helix region may undergo structural transition to β-sheet, which is concurrently inserted into the 
cell membrane to form pores composed of β-barrel, like bacterial pore-forming toxins (Figure 35.9A). 
Alternatively, it seems also possible that larger portion of domain 3 can be inserted into membrane 
(Figure 35.9B), triggered by the structural change of the α-helix region, since CEL-III causes severe 
damages to the erythrocyte membrane after relatively long treatments [9] in contrast to bacterial 
pore-forming toxins, which generally produce stable membrane pores [33].

As mentioned above, there are fi ve carbohydrate-binding sites in domains 1 and 2, and such 
multiple binding sites should contribute to the increase in the binding affi nity for cell surface carbo-
hydrate chains. In addition to this, binding to the glycolipids or glycoproteins at the multiple sites 
might cause a relative movement of domains 1 and 2, which in turn leads to a partial exposure of the 
α-helices located in the cleft between these domains, thereby promoting their structural transition 
from α-helix to β-sheet.

35.10 SIMILARITY WITH THE OTHER HEMOLYTIC LECTINS

There are some reports on lectins showing hemolytic activity [34–37]. Among them, the crystal 
structure of a lectin from the mushroom, Laetiporus sulphureus (LSL), has recently been solved 
[38]. This lectin is composed of N-terminal lectin module and C-terminal pore-forming module; the 
lectin module has a β-trefoil fold and the pore-forming module shows similarity with domains 3 and 
4 of a pore-forming toxin aerolysin from Aeromonas hydrophila as well as ε-toxin from Clostridium 

Domain 2Domain 1

(A)

(B)

Domain 1 Domain 2
Domain 3

Domain 3

FIGURE 35.9 Two hypothetical models for membrane pore-formation by CEL-III, in which pores are 
formed by a β-barrel composed of the hydrophobic region (A), or whole domain 3 is inserted into the cell 
membrane (B).
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perfringens. Two of three subdomains (β and γ sites) in the N-terminal β-trefoil lectin domain show 
binding ability for N-acetyllactosamine in a similar manner as other homologous lectin domains. On 
the other hand, C-terminal pore-forming domains largely consist of β-sheets and responsible for the 
formation of oligomeric structure, which also assumed to be involved in membrane pore formation. 
Although there is no discernible sequence similarity between CEL-III and LSL, it is interesting that 
these lectins share a similar mode of action, i.e., binding to the cell surface carbohydrates with 
N-terminal β-trefoil lectin domains, followed by pore formation with C-terminal long β-strand-rich 
domains.

35.11 CONCLUSION AND FUTURE DIRECTIONS

It has been known that various marine invertebrates contain Ca2+-dependent lectins [39–42]. One 
of the most probable functions of them is to act as humoral factors in self-defense system as 
innate immunity [3]. Although the peptides derived from the α-helix region of CEL-III were 
found to show antibacterial activity for two Gram-positive bacteria, S. aureus and B. subtilis, 
intact CEL-III does not act on these bacteria. Alternatively, CEL-III may have antimicrobial 
activity against some marine organisms having glactose-related carbohydrate chains. Interest-
ingly, another C. echinata lectin CEL-I also shows relatively strong cytotoxicity through binding 
to specific carbohydrate chains on the cell membrane [43]. Therefore, it is also possible that 
C. echinata lectins, especially CEL-III, may play important roles in defense against attack of 
natural enemies or predators.

Several lines of evidence revealed that hemolytic action of CEL-III is brought about through 
oligomerization of its domain 3 to form pores in the target cell membrane. For this activity, bind-
ing via its domains 1 and 2 to cell surface carbohydrates is necessary to induce drastic conforma-
tional change of the protein, which leads to self-association of domain 3 in the cell membrane. 
The domains 1 and 2 adopt β-trefoil fold, which are often found in carbohydrate-binding modules 
in protein toxins, but interestingly, in the case of CEL-III, carbohydrate-binding is directly medi-
ated via Ca2+ ions, like that of C-type CRDs, a structurally different protein family. Although 
hemolytic activity of CEL-III was found to be conducted by cooperative action of the carbohy-
drate-binding and oligomerizing domains, it still remains to be elucidated what structural changes 
make water-soluble CEL-III monomer to be inserted into the target cell membrane as strongly 
assembled oligomers. This process should include the exposure of hydrophobic face of some part 
of the protein to the solvent, and the α-helix region in domain 3 is most likely to be involved in it. 
Structural transition from water-soluble form to membrane-associated oligomers is one of the 
most interesting characteristics of CEL-III. Elucidation of its mechanism would provide 
important clues for not only hemolytic action of CEL-III, but also for that of various bacterial pore-
forming toxins.

REFERENCES

 1. Drickamer, K., Two distinct classes of carbohydrate-recognition domains in animal lectins, J. Biol. 
Chem., 263, 9557, 1988.

 2. Drickamer, K., C-type lectin-like domains, Curr. Opinion Struct. Biol., 9, 585, 1999.
 3. Vasta, G.R., Quesenberry, M., Ahmed, H., and O’Leary, N., C-type lectins and galectins mediate innate 

and adaptive immune functions: Their roles in the complement activation pathway, Dev. Comp. Immunol., 
23, 401, 1999.

 4. Hatakeyama, T., Kohzaki, H., Nagatomo, H., and Yamasaki, N., Purifi cation and characterization of 
four Ca2+-dependent lectins from the marine invertebrate, Cucumaria echinata, J. Biochem., 116, 209, 
1994.

 5. Hatakeyama, T., Ohuchi, K., Kuroki, M., and Yamasaki, N., Amino acid sequence of a C-type lectin 
CEL-IV from the marine invertebrate Cucumaria echinata, Biosci. Biotechnol. Biochem., 59, 1314, 
1995.

7269_C035.indd   5277269_C035.indd   527 9/6/2008   2:50:16 PM9/6/2008   2:50:16 PM



528 Animal Lectins: A Functional View 

 6. Hatakeyama, T., Matsuo, N., Shiba, K., Nishinohara, S., Yamasaki, N., Sugawara, H., and Aoyagi, H., 
Amino acid sequence and carbohydrate-binding analysis of the N-acetyl-d-galactosamine-specifi c 
C-type lectin, CEL-I, from the Holothuroidea, Cucumaria echinata, Biosci. Biotechnol. Biochem., 66, 
157, 2002.

 7. Hatakeyama, T., Nagatomo, H., and Yamasaki, N., Interaction of the hemolytic lectin CEL-III from the 
marine invertebrate Cucumaria echinata with the erythrocyte membrane, J. Biol. Chem., 270, 3560, 
1995.

 8. Oda, T., Tsuru, M., Hatakeyama, T., Nagatomo, H., Muramatsu, T., and Yamasaki, N., Temperature- and 
pH-dependent cytotoxic effect of the hemolytic lectin CEL-III from the marine invertebrate Cucumaria 
echinata on various cell lines, J. Biochem., 121, 560, 1997.

 9. Hatakeyama, T., Furukawa, M., Nagatomo, H., Yamasaki, N., and Mori, T., Oligomerization of the 
hemolytic lectin CEL-III from the marine invertebrate Cucumaria echinata induced by the binding of 
carbohydrate ligands, J. Biol. Chem., 271, 16915, 1996.

 10. Hatakeyama, T., Miyamoto, Y., Nagatomo, H., Sallay, I., and Yamasaki, N., Carbohydrate-binding prop-
erties of the hemolytic lectin CEL-III from the holothuroidea Cucumaria echinata as analyzed using 
carbohydrate-coated microplate, J. Biochem., 121, 63, 1997.

 11. Hatakeyama, T., Sato, T., Taira, E., Kuwahara, H., Niidome, T., and Aoyagi, H., Characterization of the 
interaction of hemolytic lectin CEL-III from the marine invertebrate, Cucumaria echinata, with artifi -
cial lipid membranes: involvement of neutral sphingoglycolipids in the pore-forming process, J. Bio-
chem., 125, 277, 1999.

 12. Kouriki-Nagatomo, H., Hatakeyama, T., Jelokhani-Niaraki, M., Kondo, M., Ehara, T., and Yamasaki, 
N., Molecular mechanism for pore-formation in lipid membranes by the hemolytic lectin CEL-III from 
marine invertebrate Cucumaria echinata, Biosci. Biotechnol. Biochem., 63, 1279, 1999.

 13. Song, L., Hobaugh, M.R., Shustak, C., Cheley, S., Bayley, H., and Gouaux, J.E., Structure of staphylo-
coccal α-hemolysin, a heptameric transmembrane pore, Science, 274, 1859, 1996.

 14. Olson, R., Nariya, H., Yokota, K., Kamio, Y., and Gouaux, E., Crystal structure of staphylococcal LukF 
delineates conformational changes accompanying formation of a transmembrane channel, Nat. Struct. 
Biol., 6, 134, 1999.

 15. Parker, M.W. and Feil, S.C., Pore-forming protein toxins: from structure to function, Prog. Biophys. 
Mol. Biol., 88, 91, 2005.

 16. Kristan, K., Podlesek, Z., Hojnik, V., Gutierrez-Aguirre, I., Guncar, G., Turk, D., Gonzalez-Manas, 
J.M., Lakey, J.H., Macek, P., and Anderluh, G., Pore formation by equinatoxin, a eukaryotic pore-
forming toxin, requires a fl exible N-terminal region and a stable beta-sandwich, J. Biol. Chem., 279, 
46509, 2004.

 17. Yamaji, A., Sekizawa, Y., Emoto, K., Sakuraba, H., Inoue, K., Kobayashi, H., and Umeda, M., Lysenin, 
a novel sphingomyelin-specifi c binding protein, J. Biol. Chem., 273, 5300, 1998.

 18. Oda, T., Shinmura, N., Nishioka, Y., Komatsu, N., Hatakeyama, T., and Muramatsu, T., Effect of the 
hemolytic lectin CEL-III from Holothuroidea Cucumaria echinata on the ANS fl uorescence responses 
in sensitive MDCK and resistant CHO cells, J. Biochem., 125, 713, 1999.

 19. Fujisawa, T., Kuwahara, H., Hiromasa, Y., Niidome, T., Aoyagi, H., and Hatakeyama, T., Small-angle 
X-ray scattering study on CEL-III, a hemolytic lectin from Holothuroidea Cucumaria echinata, and its 
oligomer induced by the binding of specifi c carbohydrate, FEBS Lett., 414, 79, 1997.

 20. Nakano, M., Tabata, S., Sugihara, K., Kouzuma, Y., Kimura, M., and Yamasaki, N., Primary structure 
of hemolytic lectin CEL-III from marine invertebrate Cucumaria echinata and its cDNA: Structural 
similarity to the B-chain from plant lectin, ricin, Biochim. Biophys. Acta, 1435, 167, 1999.

 21. Uchida, T., Yamasaki, T., Eto, S., Sugawara, H., Kurisu, G., Nakagawa, A., Kusunoki, M., and 
Hatakeyama, T., Crystal structure of the hemolytic lectin CEL-III isolated from the marine inverte-
brate Cucumaria echinata: Implications of domain structure for its membrane pore-formation mecha-
nism, J. Biol. Chem., 135, 37133, 2004.

 22. Hatakeyama, T., Unno, H., Kouzuma, Y., Uchida, T., Eto, S., Hidemura, H., Kato, N., Yonekura, M., and 
Kusunoki, M., C-Type lectin-like carbohydrate recognition of the hemolytic lectin CEL-III containing 
ricin-type b-trefoil folds, J. Biol. Chem. 282, 37826, 2007.

 23. Zentz, C., Frenoy, J.P., and Bourrillon, R., Binding of galactose and lactose to ricin. Equilibrium studies, 
Biochim. Biophys. Acta, 536, 18, 1978.

 24. Hatakeyama, T., Yamasaki, N., and Funatsu, G., Evidence for involvement of tryptophan residue in the 
low-affi nity saccharide binding site of ricin D, J. Biochem., 99, 1049, 1986.

7269_C035.indd   5287269_C035.indd   528 9/6/2008   2:50:16 PM9/6/2008   2:50:16 PM



Hemolytic Lectin in Marine Invertebrates 529

 25. Frankel, A.E., Burbage, C., Fu, T., Tagge, E., Chandler, J., and Willingham, M.C., Ricin toxin contains 
at least three galactose-binding sites located in B chain subdomains 1α, 1β, and 2γ, Biochemistry, 
9, 14749, 1996.

 26. Fivaz, M., Abrami, L., and van der Goot, F.G., Landing on lipid rafts, Trends Cell Biol., 9, 212, 1999.
 27. Abrami, L., Liu, S., Cosson, P., Leppla, S.H., and van der Goot, F.G., Anthrax toxin triggers endocytosis 

of its receptor via a lipid raft-mediated clathrin-dependent process, J. Cell Biol., 160, 321, 2003.
 28. Dodd, R.B. and Drickamer, K., Lectin-like proteins in model organisms: Implications for evolution of 

carbohydrate-binding activity, Glycobiology, 11, 71R, 2001.
 29. Kouzuma, Y., Suzuki, Y., Nakano, M., Matsuyama, K., Tojo, S., Kimura, M., Yamasaki, T., Aoyagi, H., 

and Hatakeyama, T., Characterization of functional domains of the hemolytic lectin CEL-III from the 
marine invertebrate Cucumaria echinata, J. Biochem., 134, 395, 2003.

 30. Hisamatsu, K., Tsuda, N., Goda, S., and Hatakeyama, T., Characterization of the a-helix region in 
domain 3 of the haemolytic lectin CEL-III: Implications for self-oligomerization and haemolytic pro-
cesses, J. Biochem., 143, 79, 2008.

 31. Leppla S.H., Bacillus anthracis toxins. In: The Comprehensive Sourcebook of Bacterial Protein Toxins, 
3rd ed., Alouf. J.E. and Popoff. M.R., Eds., Academic Press, New York, 2006, Chap. 18.

 32. Hatakeyama, T., Suenaga, T., Eto, S., Niidome, T., and Aoyagi, H., Antibacterial activity of peptides 
derived from the C-terminal region of a hemolytic lectin, CEL-III, from the marine invertebrate 
Cucumaria echinata, J. Biochem., 135, 65, 2004.

 33. Bhakdi, S., Weller, U., Walev, I., Martin, E., Jonas, D., and Palmer, M., A guide to the use of pore-
forming toxins for controlled permeabilization of cell membranes, Med. Microbiol. Immunol., 182, 167, 
1993.

 34. Konska, G., Guillot, J., Dusser, M., Damez, M., and Botton, B., Isolation and characterization of an 
N-acetyllactosamine-binding lectin from the mushroom Laetiporus sulfureus, J. Biochem., 116, 519, 
1994.

 35. Armstrong, P.B., Swarnakar, S., Srimal, S., Misquith, S., Hahn, E.A., Aimes, R.T., and Quigley, J.P., 
A cytolytic function for a sialic acid-binding lectin that is a member of the pentraxin family of proteins, 
J. Biol. Chem., 271, 14717, 1996.

 36. Satoh, F., Nakagawa, H., Yamada, H., Nagasaka, K., Nagasaka, T., Araki, Y., Tomihara, Y., Nozaki, M., 
Sakuraba, H., Ohshima, T., Hatakeyama, T., and Aoyagi, H., Fishing for bioactive substances from 
scorpionfi sh and some sea urchins, J. Natur. Toxins, 11, 297, 2002.

 37. Tateno, H. and Goldstein, I.J., Molecular cloning, expression, and characterization of novel hemolytic 
lectins from the mushroom Laetiporus sulphureus, which show homology to bacterial toxins, J. Biol. 
Chem., 278, 40455, 2003.

 38. Mancheno, J.M., Tateno, H., Goldstein, I.J., Martinez-Ripoll, M., and Hermoso, J.A., Structural analysis 
of the Laetiporus sulphureus hemolytic pore-forming lectin in complex with sugars, J. Biol. Chem., 
60, 17251, 2004.

 39. Suzuki, T., Takagi, T., Furukohri, T., Kawamura, K., and Nakauchi, M., A calcium-dependent galac-
tose-binding lectin from the tunicate Polyandrocarpa misakiensis. Isolation, characterization, and 
amino acid sequence, J. Biol. Chem., 265, 1274, 1990.

 40. Poget, S.F., Legge, G.B., Proctor, M.R., Butler, P.J., Bycroft, M., and Williams, R.L., The structure of a 
tunicate C-type lectin from Polyandrocarpa misakiensis complexed with d-galactose, J. Mol. Biol., 
290, 867, 1999.

 41. Nair, S.V., Burandt, M., Hutchinson, A., Raison, R.L., and Raftos, D.A., A C-type lectin from the tunicate, 
Styela plicata, that modulates cellular activity, Comp. Biochem. Physiol. C. Toxicol. Pharmacol., 129, 
11, 2001.

 42. Kakiuchi, M., Okino, N., Sueyoshi, N., Ichinose, S., Omori, A., Kawabata, S., Yamaguchi, K., and Ito, 
M., Purifi cation, characterization, and cDNA cloning of α-N-acetylgalactosamine-specifi c lectin from 
starfi sh, Asterina pectinifera, Glycobiology, 12, 85, 2002.

 43. Kuramoto, T., Uzuyama, H., Hatakeyama, T., Tamura, T., Nakashima, T., Yamaguchi, K., and Oda, T., 
Cytotoxicity of a GalNAc-specifi c C-type lectin CEL-I toward various cell lines, J. Biochem., 137, 41, 
2005.

7269_C035.indd   5297269_C035.indd   529 9/6/2008   2:50:16 PM9/6/2008   2:50:16 PM



7269_C035.indd   5307269_C035.indd   530 9/6/2008   2:50:16 PM9/6/2008   2:50:16 PM



531

36 Structure–Function 
Relationship in Mammalian 
Chitinase-Like Lectins

Shaun Morroll, Sharon Turner, and Franco H. Falcone

CONTENTS

36.1 Introduction ......................................................................................................................... 531
36.2 Phylogenetic Analysis of the Chitinase/Chilectin Cluster .................................................. 533
36.3 Chitinases and Chi-Lectins Share a Common Structure .................................................... 533
36.4 Chitinase-3-Like-1 (Chi3L1, YKL-40) ............................................................................... 536

36.4.1 Functions of Chi3L1 .............................................................................................. 537
36.4.1.1 Chi3L1 as Growth Factor  ..................................................................... 537
36.4.1.2 Chi3L1 as Antiapoptotic Factor  ........................................................... 537
36.4.1.3 Chi3L1 as Angiogenic Factor ............................................................... 538
36.4.1.4 Chi3L1 and Tissue Remodeling  ........................................................... 538

36.4.2 Chi3L1 and Cancer ............................................................................................... 538
36.5 Chi3L3 and Chi3L4 (Ym1/Ym2) ........................................................................................540

36.5.1 Structure and Physiological Ligands  ....................................................................540
36.5.2 Suggested Functions of Chi3L3 and Chi3L4  ....................................................... 541

36.6 Conclusion and Future Directions ...................................................................................... 542
Acknowledgments .......................................................................................................................... 542
References ...................................................................................................................................... 542

36.1 INTRODUCTION

Chitin is an unbranched polysaccharide comprising of multiple repetitive units of β(1,4)-linked 
N-acetyl-d-glucosamine. It is the third most abundant biopolymer on earth after cellulose, and is 
found mainly in insect exoskeletons, crustacean shells, and fungal cell walls. The enzymatic 
breakdown of chitin is mediated by chitinases, which hydrolyze the β-1,4-N-acetyl-d-glucosamine 
bonds. Chitinases are needed for ecdysis in growing insects and crustaceans [1], but also in fungi 
[2]. Chitinases are also known to have digestive functions and can reach very high concentrations in 
the pancreatic secretions of fi sh [3]. An acidic chitinase expressed in parts of the stomach with a low 
pH optimum has been more recently described in mammals [4,5]. Plant chitinases are prominent 
allergens and are thought to play a role in antifungal immunity [6].

From the biochemical point of view, chitinases are O-glycosyl hydrolases (EC 3.2.1.). Accord-
ing to carbohydrate active enzyme classifi cation (CAZy, http://afmb.cnrs-mrs.fr/CAZY/acc.html), 
there are currently 97 different families of structurally related enzymes in this group. The tertiary 
structure is usually better conserved than the primary sequence, leading to a classifi cation in clans. 
In the CAZy classifi cation, chitinases are found in Families 18 and 19. Family 19 (also known as IA 
and IB or I and II) are mainly found in plants.
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Although mammals and other higher vertebrates do not contain chitin and lack the enzymatic 
machinery to produce it, their genomes contain several clustered genes expressing chitinases as well 
as chitinase-like genes. Chitinases and chitinase-like genes in mammalians are all related to Family 
18 chitinases.

Some of the encoded proteins are thought to have lost enzymatic activity due to the replacement 
of active site proteins essential for chitin hydrolysis [7,8]. The active site of chitinases has a 
DXXDXDXE consensus sequence, in which the last aspartic and the central glutamic acid are 
thought to be involved in the catalytic mechanism [9]. Mutation in any of these two amino acids 
usually leads to loss of enzymatic activity. These chitinase-like proteins, however, still have the abil-
ity to bind chitin and other polysaccharides, and therefore are referred to as chitinase-like lectins or 
“chi-lectins” (chilectins) in this analysis [10,11]. In humans, chitinases and chilectins related to 
CAZy Family 18 are clustered on two separate regions of chromosome 1 (Figure 36.1).

In mice, the chitinase/chilectin cluster is segregated on mouse chromosomes 3 and 1 (Figure 
36.2). The corresponding areas on human chromosome are known to be in synteny, as can be seen 
on the human–mouse whole genome orthology map published by the mouse genome database 
(http://www.informatics.jax.org/) [12].

CHI3L2

(YKL-39)

LOC728204

(Similar to putative chitinase
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LOC149620

(Similar to CHIA)

CHIA

(AMCase, TSA1902)
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(Oviductal glycoprotein 1)
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(YKL-40, HC-gp39, GP39)
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FIGURE 36.1 Chitinase/chilectin cluster on human chromosome 1 (obtained from NCBI Build 36.2, using 
the cytogenetic location map). Arrows indicate gene orientation, full white circles: known or potentially active 
chitinase; crossed circles: inactive chitinase (chilectin), grey circle: pseudogene.
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36.2 PHYLOGENETIC ANALYSIS OF THE CHITINASE/CHILECTIN CLUSTER

Our phylogenetic analysis, performed using most available mammalian chitinase and chilectin pro-
tein sequences, shown in Figure 36.3, results in fi ve major groups being outlined: Ym1/Ym2, acidic 
chitinases, Chi3L1, chitotriosidase, and the oviductin group. The overall bootstrap support for the 
tree is very high. Whereas chitotriosidase (Chit1), acidic chitinase (AMCase), Chi3L1, and oviduc-
tin homologs are found in all analyzed mammalian gene sequences, the analysis also indicates that 
there seem to be no functional homologs for murine Ym1 and Ym2 in humans and other mammali-
ans, except in other rodents. This lack of orthologs of Ym1 and Ym2 in humans, as demonstrated by 
our phylogenetic analysis, underpins the view recently expressed by Boot et al. [13]. It also suggests 
that Ym1 and Ym2 may be rodent-specifi c adaptations. Furthermore, even where putative orthologs 
appear to exist in several mammalian species (as is the case for chitotriosidase and AMCase), gene 
expression in specifi c organs and tissues may be controlled differently due to distinct promoter 
usage [5], and thus fulfi ll different roles in different species. There is therefore an important caveat 
when extrapolating chilectin and chitinase data derived from animal disease models to the human 
situation [5]).

36.3 CHITINASES AND CHI-LECTINS SHARE A COMMON STRUCTURE

The three-dimensional structure of chitinases and chilectins is similar. According to the Structural 
Classifi cation of Proteins (scop: http://scop.mrc-lmb.cam.ac.uk/scop/) [14], both types of proteins are 
found in the alpha and beta proteins (α/β) structural class, and are characterized by the TIM β/α-
barrel fold. The superfamily in scop is (trans)glycosidase. The TIM β/α -barrel fold is named after the 
fi rst structure where this fold was fi rst observed, the glycolytic pathway enzyme triosphosphate 

FIGURE 36.2 Chitinase/chilectin cluster on mouse chromosomes 1 and 3 (obtained from NCBI Build 36.1, 
using the cytogenetic location map). Arrows indicate gene orientation, full white circles: known or potential 
active chitinase; crossed circles: inactive chitinases (chilectins).
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FIGURE 36.3 Phylogram and bootstrap analysis of currently known mammalian chitinases and chilectins. 
Abbreviations used are: Bb (Bubalus bubalis, buffalo); Bt (Bos taurus, true cattle); Ch (Capra hircus, domestic 
goat); Gg (Gallus gallus, red junglefowl); Hs (Homo sapiens, human); Ma (Mesocricetus auratus; golden 
hamster); Mm (Mus musculus, house mouse); Mmu (Macaca mulatta, rhesus monkey); Mr (Macaca radiata, 
bonnet macaque); Oa (Ovis aries, sheep); Oc (Oryctolagus cuniculus, European rabbit); Pca (Papiocyno-
cephalus anubis, olive baboon); Rn (Rattus norvegicus, rat); Ss (Sus scrofa, pig). Numbers indicated in brack-
ets are GenBank Protein IDs. This phylogram was generated with the neighbor joining method using 
MacVector 7.2. Chicken CBPch04 was used as outgroup to root the tree. Human Chi3l2 (YKL-39) was not 
included, as its inclusion results in a polytomic tree. Chi3L2, however, does not group with the other “clades”. 
Bootstrap values are for 1000 repeats.
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isomerase [15]. This structure is characterized by eight parallel β strands (β1 to β8), organized into 
staves that resemble a barrel with a general 30° tilt about the barrel’s axis. Surrounding the β-barrel 
structure are eight α helices (α1 to α8) with occasional turns introduced (Figure 36.4A through F). 
The TIM barrel structure of chitinases and chilectins forms the main portion of the tertiary structure 
of the proteins. At the C-terminus of the proteins between β strand 7 and α helix 7 is another domain, 
a structure referred to here as the α/β-insertion domain. This second domain contains a fi ve-stranded 
antiparallel pseudoplanar β-sheet structure, which is intercalated by short β and α helical strands. The 
α/β-insertion domain is not found in plant chitinases (Figure 36.4C and D) [16]. Mammalian chilec-
tins are similar to the chitinases, sharing the folding of the core domain and common van der Waals 
surfaces. Chitinases and chilectins have a common canyon (or substrate binding groove) that 

FIGURE 36.4 (See CD for color fi gure.) Three-dimensional structures of Type-II chitinases and chilectins. 
The top (A, C, E) and side views (B, D, F) highlight different characteristic features of chitinases and chilectins. 
Shown are murine Chi3L3 (Ym1) (A, B) (1VF8.pdb) (From Tsai, M.L., Liaw, S.H., and Chang, N.C., J. Struct. 
Biol., 148, 290, 2004); hevamine (C, D) (2HVM.pdb) and the bacterial chitinase B Serratia marcescens (E, F) 
(106I.pdb, complexed with the catalytic intermediate mimic cyclic dipeptide Ci4 (From Houston, D.R. et al., 
Biochem. J., 368, 23, 2002) ). Structures were obtained from the indicated pdb fi les using RasMol 2.6 (From 
Sayle, R.A. and Milner-White, E.J., Trends Biochem. Sci., 20, 374, 1995). In the center is the β-barrel structure 
(yellow); the general tilt of the barrel axis is best seen in the side view (B, D, F). Surrounding the β-barrel are 
the eight α-helices (pink). The α/β-insertion domain is also shown in yellow and highlighted by an arrow (A, 
B). This domain is not present in plant chitinases (C, D). Linked by a linker sequence, which is Ser/Gly-rich in 
homologues of AMCase, is a type-2 chitin binding domain (red and arrow in E and F).

(A)

(C) (D)

(F)(E)

(B)
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separates the molecule into two hemispheres. This canyon is lined with aromatic residues, which 
interact with the chitin substrate in chitinases [17].

Mammalian chitinases also possess a separate chitin-binding domain called chitin-binding 
type-2 domain (Prosite PS50940; Pfam PF01607) (Figure 36.5). This domain (sometimes referred 
to as Peritrophin A-like domain) is found in animal and some baculovirus proteins, while a similar 
chitin-binding type-1 domain (Prosite PS50941) is found in bacterial and plant chitinases. The struc-
ture of chitin-binding type-2 domains has been solved for the small antimicrobial protein from 
horseshoe crab tachycitin (1dqc.pdb) [21]. The structure is very similar to the type-1 domain in 
hevein and consists of a distorted β-sandwich formed by a sheet of three antiparallel β-strands linked 
to a two β-strand sheet by a short connecting helical loop, starting with Cys40, which is also the start 
of the chitin-binding site (Cys-40 to Gly-60) in tachycitin.

Chitin-binding domains are not found in mammalian chilectins. As a result, their molecular 
weight is usually smaller than their active chitinase counterparts. Taken together, mammalian chil-
ectins have several common structural features, which they share with chitinases. Although the ter-
tiary structures of chilectins are now well understood, there is still a lack of knowledge and 
considerable debate regarding the physiological ligands and functions of mammalian chilectins. 
Although the folds appear to be highly conserved in different mammalian species, there are differ-
ences between the rodent and human chitinase/chilectin gene clusters, which point to a different set 
of functions. In the following sections, we will discuss what is known about the functions of the two 
currently best mammalian chilectins, Chi3L1 in humans and Chi3L3/Chi3L4 (Ym1/Ym2) in mice.

36.4 CHITINASE-3-LIKE-1 (CHI3L1, YKL-40)

Chi3L1, also known as YKL-40 or human cartilage glycoprotein-39 (HC-gp39), is the currently best 
studied human chilectin. Chi3L1 is a heparin and chitin-binding lectin without chitinase activity. 
The Chi3L1 gene consists of 10 exons and spans approximately 13 kb of genomic DNA. The single 
polypeptide chain consists of 383 amino acids with a molecular weight of 40476 Da [22]. This 
molecular mass (40 kDa), along with the single letter code for the three N-terminal amino acids of 
the mature protein, i.e., after cleavage of the signal sequence, tyrosine (Y), lysine (K), and leucine 
(L), resulted in the protein name YKL-40, a name which is generally used in the oncological litera-
ture. Chi3L1 is also present in several other mammalian species, e.g., pig (gp38k, 84% sequence 
identity) [23], mouse (Brp39, 73% identity) [24], goat (MGP-40, 83% sequence identity) [25], and 
cow (39 kDa whey protein, 83% sequence identity) [26]. The offi cial gene name (HUGO Gene 
Nomenclature Committee, HGNC) is Chi3L1, it is highly recommended to use this name to avoid 

Hs_AMCase
Cf_AMCAse
Bt_AMCase
Mm_AMCase
Rn_AMCase
LOC149620
Gg_Chbp04
Hs_Chit1
Rn_Chit1
Mm_Chit1
consensus

FIGURE 36.5 Alignment of chitin-binding Type-2 domains from mammalian chitinases. These domains 
contain six conserved cysteines including two adjacent cysteines close to the carboxy-terminal end of the 
protein (Hs, Homo sapiens; Mm, Mus musculus; Rn, Rattus norvegicus; Bt, Bos taurus; Gg, Gallus gallus; 
Cf, Canis familiaris).
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confusion. Chi3L1 protein was identifi ed in 1988 [26] in cows and fi ve years later in humans [22], 
but still its exact physiological function is unknown. However many roles have been postulated, 
some of which are outlined below. Also it is probable, as Chi3L1 is a secreted protein, that its site or 
sites of action are extracellular although no cell surface or soluble receptors specifi c to Chi3L1 have 
yet been identifi ed.

36.4.1 FUNCTIONS OF CHI3L1

36.4.1.1 Chi3L1 as Growth Factor

Chi3L1 may act a growth factor inducing the proliferation of connective tissue cells, including chon-
drocytes and synoviocytes [27,28]. Under normal physiological conditions, Chi3L1 protein secre-
tion from these cell types is low [27,28]. However patients with pathophysiological infl ammatory 
joint conditions, such as rheumatoid arthritis, have elevated levels of Chi3L1 (usually referred to in 
the rheumatological literature as HC-gp39) in their synovial fl uid and sera [27], possibly resulting 
from increased Chi3L1 protein secretion from chondrocytes and synoviocytes themselves [28]. So 
it seems that Chi3L1 is involved in the homeostasis of connective tissues and the increased tissue 
remodeling seen in joint diseases may be associated with the growth factor properties of Chi3L1 
present in high levels in patients with arthritic joint disease [27].

Chi3L1 is also found preformed in specifi c granules of human neutrophils isolated from the 
blood of healthy subjects [29] and is synthesized in large quantities by activated macrophages 
[30–32], thus Chi3L1 is also present in healthy subjects.

The proliferative capabilities of Chi3L1 can be explained by the initiation of the mitogen-
activated protein kinase (MAPK) and phosphatidyl-inositol 3-kinase (PI-3K) signaling cascades 
[27], both of which are associated with the process of mitogenesis. Additionally, the activation of the 
these cytoplasmic signal transduction pathways reinforces the suggestion that Chi3L1 interacts with 
a receptor located in the plasma membrane of cells to exert its effects. The existence of a postulated 
receptor is consistent with the observation made by Houston et al. [10], who found that upon binding 
of the chitooligosaccharide GlcNAc8 (representing a soluble fragment of polymeric chitin as the 
presumed ligand), Chi3L1 undergoes a pronounced conformational change. This may point to a 
Chi3L1-dependent mechanism that enables the cells to “sense” the presence of specifi c extracellular 
matrix components and signal this to the cell, inducing an appropriate response, e.g., to sense and 
respond to changes in the extracellular environment, e.g., after injury or during disease.

Fusetti et al. have studied the carbohydrate binding regions of Chi3L1 and found that they are 
compatible with the binding of chitin (=N-acetyl-glucosamine) oligomers [11]. However, chitin 
does not occur in mammals, as they lack the enzymatic machinery to achieve its synthesis, and 
therefore the physiological ligand of Chi3L1 remains to be determined. A rather unexpected recent 
fi nding is that the bovine Chi3L1 ortholog from chondrocytes binds to Type I collagen, accelerating 
the rate of collagen fi bril formation in vitro and appears to interfere with matrix metalloprotease-1 
(MMP-1) (interstitial/fi broblast collagenase) degradation of type 1 collagen fi brils [33]. This not 
only points to a possible role in fi brosis, but also to the fact that the physiological ligands of Chi3L1 
may be proteins rather than polysaccharides. How this observation fi ts with the known ability of 
Chi3L1 to bind chitin oligomers and heparin [34] remains to be seen.

36.4.1.2 Chi3L1 as Antiapoptotic Factor

The MAPK signal transduction pathway when activated links extracellular growth and differentia-
tion signals with the induction of a number of transcription factors, which permit the progression of 
mitosis [35]. The activated PI-3K pathway plays a dual role in the cell; fi rstly it facilitates the pro-
gression of mitosis by promoting the entry of quiescent cells into the S phase of the cell cycle and 
secondly it has a major role in antiapoptotic cell survival by increasing the expression of several 
antiapoptotic proteins and downregulating proapoptotic proteins [36]. An antiapoptotic role for 
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human Chi3L1 is further indicated by the functioning of its murine ortholog, breast regression 
protein-39 (BRP-39), during mammary involution. BRP-39 is induced in murine mammary epithe-
lial cells shortly after weaning occurs and during this time massive tissue remodeling with extensive 
programmed cell death takes place. It has been hypothesized that BRP-39 acts as a protective signal-
ing factor to determine which cells survive this drastic tissue remodeling (Aronson N.N. Jr., unpub-
lished data). A similar role is described for MGP-40, the probable ortholog in goats [25]. The fi rst 
mammalian homolog of human Chi3L1 was discovered as a 39 kDa whey protein in mammary 
secretions collected during the nonlactating period [26].

36.4.1.3 Chi3L1 as Angiogenic Factor

Chi3L1 is a potent migration factor for endothelial cells, which stimulates the migration of vascular 
endothelial cells at a level comparable with the endothelial cell chemoattractant basic fi broblast 
growth factor (bFGF) [37]. The morphology of vascular endothelial cells is changed by the presence 
of Chi3L1, such that branching tubules are formed [37]. This is indicative of Chi3L1 functioning in 
angiogenesis by stimulating the migration and reorganization of vascular endothelial cells. Chi3L1 
may also stimulate angiogenesis in hypoxic arthritic joints [38], as one of the earliest histological 
changes in rheumatoid arthritis is an increased number of blood vessels [39] and patients with this 
disease are known to have elevated Chi3L1 levels [27].

36.4.1.4 Chi3L1 and Tissue Remodeling

A further role for Chi3L1 in infl ammatory responses or degradation and remodeling of the extracel-
lular matrix was postulated after observing Chi3L1 expression in normal and pathologic disease 
states, including rheumatoid arthritis [27] and infl ammatory bowel disease (IBD) [40]. Neutrophils 
and macrophages isolated in the synovial fl uid of patients with rheumatoid arthritis [27] and in the 
infl amed intestine of patients with IBD [41] show high Chi3L1 expression. Chi3L1 or its peptide 
derivatives could be a target of the T-cell-mediated immune response, and this immune response 
may play a role in sustaining chronic infl ammation [41].

Conversely, Chi3L1 can act to downregulate the degradative aspects of the infl ammatory 
response. This is achieved by the modulation of the signaling pathways induced by the infl ammatory 
cytokines tumor necrosis factor-α (TNF-α) and interleukin-1 (IL-1), namely the MAPK and stress-
activated protein kinase/Jun N-terminal kinase (SAPK/JNK) pathways [42]. Since the pathological 
loss of extracellular matrix, particularly cartilage, seen in conditions such as infl ammatory and 
degenerative arthritis, is largely driven by TNF-α and IL-1, Chi3L1 may play an important role in 
regulating the degenerative aspect of the infl ammatory response of tissues by downregulating 
cytokine-induced MMP and chemokine production. More recently, Chi3L1 has also been shown to 
act as a positive regulator of chondrocyte differentiation and Type II collagen production [43] by 
inducing the expression of SOX9, a transcription factor thought to be involved in regulation of col-
lage type–II synthesis [44].

36.4.2 CHI3L1 AND CANCER

Thus Chi3L1 has numerous hypothesized roles including that of a growth factor and antiapoptotic 
protein, a migration and angiogenic factor and an autoantigen, resulting in infl ammation and extra-
cellular remodeling (Figure 36.6). A search of the Chi3L1 protein sequence against the dbest data-
base at the NCBI using the BLAST algorithm [45,46] showed several types of cancer cells to 
overexpress the protein, including colorectal [45], ovarian [46], breast, uterine, prostate, kidney and 
lung carcinoma, glioblastoma, and germ cell tumors [47]. However, in the case of small cell lung 
carcinoma, it is not the tumor itself, but the peritumoral macrophages that provide the predominant 
source of Chi3L1 [48,49].
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A number of case–control studies involving these cancer types have revealed that some patients 
had elevated serum Chi3L1 levels when compared to healthy controls. Studies relating to colorectal, 
[45,50], ovarian, [46] and recurrent breast carcinoma [51] and glioblastoma [52,53] have demon-
strated a signifi cant association between increased serum Chi3L1 levels and shorter survival times 
and shorter relapse periods. Human gliomas are well documented to express high levels of Chi3L1 
[52,54] with Chi3L1 protein levels being reproducibly measured in the serum of patients with malig-
nant primary brain tumors [54]. Additionally, investigations into metastatic breast cancer [47] indi-
cate that the level of serum Chi3L1 refl ects the aggressiveness of the cancer, with higher levels 
signifying more aggressive tumors. Consequently, Chi3L1 protein was identifi ed as a potentially 
important marker and prognostic factor in these highly malignant human cancers. In the context of 
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FIGURE 36.6 Potential roles of Chi3L1 in cancer development. Chi3L1 is produced either by the tumor 
itself (From Flach, J., Pilet, P.E., and Jolles, P., Experientia, 48, 701, 1992; Cintin, C. et al., Cancer, 95, 267, 
2002; Jensen, B.V., Johansen, J.S., and Price, P.A., Clin. Cancer Res., 9, 4423, 2003.) or by infi ltrating mac-
rophages. (From Kramer, K.J. and Koga, D., Insect Biochem., 16, 851, 1986; Johansen, J.S. et al., Lung Cancer, 
46, 333, 2004; Junker, N. et al., Lung Cancer, 48, 223, 2005.) The produced Chi3L1 could promote the growth 
of new blood vessels by inducing proliferation, migration, and tubule formation of endothelial cells. (From 
Fänge, R., Lundblad, G., and Lind, J., Mar. Biol., 36, 277, 1976; Malinda, K.M. et al., Exp. Cell Res., 250, 168, 
1999.) The growing blood vessel is stabilized by synthesis of extracellular matrix (ECM) including basement 
membrane. The continued development of a tumor relies on an interaction between the tumor and its microen-
vironment, particularly the ECM. Consequently, a key modulator of cancer growth and metastasis is the cor-
rect balance of ECM synthesis and degradation. (From Boudreau, N. and Bissell, M.J., Curr. Opin. Cell Biol., 
10, 640, 1998.) Tumor-associated macrophages and neutrophils isolated from the stroma surrounding breast 
and colorectal cancer cells produce growth and angiogenic factors, chemokines, chemotactic factors, MMPs, 
and other extracellular matrix digesting enzymes. (From Sunderkotter, C. et al., J. Leukoc. Biol., 55, 410, 
1994.) They have also been shown to express Chi3L1 (From Kramer, K.J. and Koga, D., Insect Biochem., 16, 
851, 1986.), which may act to promote extracellular matrix synthesis via its growth factor capabilities (From 
Boot, R.G. et al., J. Biol. Chem., 276, 6770, 2001; De Ceuninck, F. et al., Biochem. Biophys. Res. Commun., 
285, 926, 2001; Jacques, C. et al., Osteoarthritis Cartilage, 15, 138, 2007.) or to suppress the actions of extra-
cellular digesting enzymes. (From Ling, H. and Recklies, A.D., Biochem. J., 380, 651, 2004.) This would 
result in a disturbed balance between extracellular matrix synthesis and degradation, allowing the continued 
growth of the tumor. Finally, Chi3L1 may act on the tumor cells themselves by triggering antiapoptotic sur-
vival pathways (From Recklies, A.D., White, C., and Ling, H., Biochem. J., 365, 119, 2002; Franke, T.F., 
Kaplan, D.R., and Cantley, L.C., Cell, 88, 435, 1997.) via a yet to be identifi ed cellular receptor. So it could be 
assumed that Chi3L1 expression from the tumor itself or from cells in the surrounding stroma may positively 
infl uence tumor growth, resulting in a highly malignant cancer, which corresponds with metastasis of the 
primary tumor and a poorer prognosis for the patient.
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breast cancer, it is worth stressing that the mouse homolog Brp39 was identifi ed in neu/ras-initiated 
murine mammary tumors [24].

As the biological role of Chi3L1 in cancer is unknown, it is probable that a number of the func-
tions elucidated for other cell types are applicable. So it follows that Chi3L1 may be involved in 
cancer cell proliferation and survival, in angiogenesis, in the infl ammatory process around the tumor 
and in the remodeling of the extracellular matrix [38]. Chi3L1 may also act as a growth factor for 
cancer cells and protect them from apoptosis, via activation of the cell survival pathways MAPK and 
PI-3K, thus complying with one of the cornerstones of malignant transformation, a dysregulated 
increase in cell number [55].

For a tumor mass to grow beyond a certain size (2–3 mm2), it must gain an adequate blood 
supply and the promigratory effect of Chi3L1 on vascular endothelial cells appears to implicate 
Chi3L1 in this process. Thus Chi3L1 may act as a positive regulator of angiogenesis surrounding the 
tumor and could play a role in primary and metastatic tumor growth [38]. However, it needs to be 
stressed that the migratory effect was demonstrated using the porcine homolog gp38k on human 
venous endothelial cells (HUVEC) [37] and therefore still needs to be confi rmed with human 
Chi3L1, in an in vivo rather than in vitro setting.

Taken together, Chi3L1 is interesting on two levels: on one hand as a prognostic marker of dis-
ease and on the other hand also as a new target for cancer and rheumatoid arthritis therapy. It will 
therefore be of paramount importance to discover the identity of the physiological ligands and the 
nature of its putative cellular receptor.

36.5 CHI3L3 AND CHI3L4 (YM1/YM2)

36.5.1 STRUCTURE AND PHYSIOLOGICAL LIGANDS

While Chi3L1 is the best studied chilectin in humans, Chi3L3 (Ym1), and to a lesser extent Chi3L4 
(Ym2), which shares 95% of the amino acids with the former chilectin, have attracted signifi cant 
attention since their original description by Jin et al. in 1998 [57]. As shown in Figure 36.7, the Glu139 
in the chitinase active site consensus sequence DXXDXDXE is mutated to Gln139 in both genes, and 
Asp135 is mutated to Asn135. As a result, the corresponding proteins have no enzymatic activity.

An unusual feature of Chi3L3 is its tendency to crystallize spontaneously around its isoelec-
tric point (pH 5.7) under low salt conditions. The Chi3L3 crystal structure has been described at 
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FIGURE 36.7 Multiple sequence alignment of the active site of mouse and human chitinases and chilectins. 
Inactive chitinases (chilectins) have a mutation in either two (MmChi3L3, MmChi3L4) or one (HsChi3L1, 
HsChi3L2, MmChi3L1) of the active site residues. (From Watanabe, T. et al., J. Biol. Chem., 268, 18567, 
1993.) Mammalian oviductins, not shown in this alignment, are also chilectins but have different overall pro-
tein sequence. Mm indicates mouse genes, Hs human genes.
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2.5 Å resolution [58] and later refi ned at a high 1.31 Å resolution [18]. Chi3L3 shows similar 
structural fold to Chi3L1 but with a narrower ligand-binding pocket [18,58]. However, evidence 
for chitin binding is still controversial. Chang et al. demonstrated binding of NAG oligomers by 
surface plasmon resonance, but binding only occurred in the narrow pH range of 4–5, with no 
binding at physiological pH [59]. Tsai et al. failed to detect Chi3L3 binding to various NAG sub-
strates [18], and crystal soaking experiments with various glucosamine or N-acetylglucosamine 
oligomers only yielded the uncomplexed protein. This is in accordance with our own inability to 
detect any signifi cant binding of recombinant Chi3L3 to immobilized chitin oligomers (Falcone 
et al., 2005, unpublished data). As shown by Fusetti et al. [17], six solvent-exposed aromatic 
amino acid residues in human chitotriosidase, which line the substrate-binding groove, are impor-
tant in interacting with the hydrophobic faces of the hexose rings of chitin oligomers by stacking 
forces. The refi ned structure of Ym1 shows that of these six aromatic amino acids, three (Tyr13, 
Trp50, and Trp191) are replaced by charged amino acids Asp13, Glu50, and Lys97 [18]. Thus the lack 
of conservation in the substrate binding groove may account for the inability of Chi3L3 to bind 
chitin. Furthermore, as described in the introduction, Ym1, like the other chilectins, does not pos-
sess a Type-2 chitin-binding domain.

Since it appears that Chi3L3 can neither cleave nor possibly bind chitin, the question of what its 
physiological ligands are remains open. It is therefore likely that Chi3L3 will bind other carbohy-
drates, and indeed it is known that Chi3L3 binds heparin and heparan sulfate [59]. However it is also 
possible, as suggested by Tsai [18], that the physiological ligands of Chi3L3 are proteins rather than 
carbohydrates, and a similar situation has already been suggested for bovine Chi3L1, which as 
described earlier binds Type I collagen [33]. This of course would call into question the term chilec-
tin for these proteins.

36.5.2 SUGGESTED FUNCTIONS OF CHI3L3 AND CHI3L4

The earliest suggested function for Chi3L3 comes from Owhashi et al. [60] who were studying the 
eosinophil chemotactic activity secreted by spleen cells of mice infected with the trematode para-
site Schistosoma japonicum. A protein chemotactic for eosinophils and T-lymphocytes was purifi ed 
by chromatography and from the N-terminal sequence, a full-length clone was obtained from a 
cDNA library. The protein was named ECF-L (eosinophil chemotactic factor from lymphocytes) 
and the sequence showed it to be nearly identical to Chi3L3. The recombinant protein was chemot-
actic in vitro and caused extravasation of eosinophils in vivo. It was soon shown that Chi3L3 is 
strongly induced in experimental nematode infection models such as lymphatic fi lariasis, where a 
10,000-fold induction of mRNA expression occurs after implantation of adult Brugia malayi into 
the peritoneal cavity of mice [61], and also in more natural infection models such as oral infection 
with Trichinella spiralis [59], Nippostrongylus brasiliensis, and Litomosoides sigmodontis [62]. 
Our own work also indirectly supported the idea of a chemotactic factor, as Ym1 expression cor-
related with high levels of eosinophil recruitment to the peritoneal cavity [61]. However subse-
quent work by others failed to fi nd the eosinophil chemotactic activity described originally [60], 
while others found the in vitro chemotactic effect of Chi3L3 to be weak compared with eotaxin, 
with no signifi cant effect in the lung of Chi3L3/Chi3L4-treated mice [63]. It is also worth mention-
ing that Chi3L3 is expressed constitutively at high levels in the lung of noninfected healthy mice 
[64], also confi rmed by tissue expression screening by Jin [57] and others [62], and therefore the 
link between eosinophil recruitment and Chi3L3 presence must be of a more complex nature. Thus 
it is currently not clear whether eosinophil chemotaxis can truly be ascribed as the physiological 
function of Chi3L3.

The main cellular source of Chi3L3 in the lungs of healthy and infected mice is the macrophage 
[61,64,65] and other antigen presenting cells [62]. The induction of Chi3L3 can be obtained by 
treating macrophages in vitro with IL-4 or IL-13, refl ecting the Th2-skewed cytokine constellation 
known to occur in helminthic infection. Accordingly, Chi3L3 induction is now thought to be a 

7269_C036.indd   5417269_C036.indd   541 9/2/2008   1:59:23 PM9/2/2008   1:59:23 PM



542 Animal Lectins: A Functional View 

general feature of nematode (and possibly also trematode) infection [62], and this can be explained 
by the regulatory mechanism involving signal transducer and activator of transcription 6 (stat-6) 
described by Welch et al. [66], for which the Chi3L3 and Chi3L4 genes possess several canonical 
binding sites upstream of the 5′-translated region [66]. Thus Chi3L3 has been described as marker 
of alternative (i.e., Th2 cytokine–dependent, in contrast to classical IFN-γ–dependent) macrophage 
activation [65,67,68]. Raes has pointed out that this is not the case for human alternatively activated 
myeloid cells [69].

However, there is likely to be other currently unknown tiers of regulation beyond the stat-6 
pathway. Ym1, but not Ym2, is induced, e.g., in the lung in parasitic infection [59,61,62], while Ym2 
is induced in the lung in experimental asthma models [63,70]: both are situations in which a Th2 
cytokine constellation is predominant, thus one would expect both genes to be induced via stat-6. 
However this does not seem to be the case, and Chi3L3 vs. Chi3L4 expression at the tissue level 
appear to be mutually exclusive with the exception of the thymus [57]. Finally, Chi3L3 has recently 
been implicated as osteoclast-stimulating factor [71] that acts by increasing LFA-1 and ICAM-1 in 
osteoclast precursors [28].

36.6 CONCLUSION AND FUTURE DIRECTIONS

Chitinases and chilectins share structural features and are found in clusters in mammalians (Figure 
36.3), indicating that they may have arisen from gene duplication events before the different species 
diverged. Chilectins have lost the ability to cleave chitin due to mutations in the active site and do 
not possess a type 2 chitin-binding domain, but retain the ability to bind carbohydrates and possibly 
proteins. The physiological ligands of chilectins are still unclear bur appear to be different from 
chitin or chitin oligomers. Chilectins are expressed in chronic infl ammatory conditions, nematode 
infections and in situations where extensive tissue remodeling occurs. The suggested functions range 
from growth and differentiation factors to neoangiogenesis, anti-infl ammatory, and antiapoptotic 
factors. Because of their implication in rheumatoid arthritis, asthma, and cancer, chilectins may be 
novel therapeutic targets. Therefore, a better understanding of their physiological roles, ligands and 
putative cellular receptors is needed.
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pre-BCR (B cell receptor)

activation, 278–280
composition, 277–278
differentiation, 281
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functions, 278
stromal cells synapse and, 280–281

Brain-enriched hyaluronan-binding protein (BEHAB), 
see Brevican

Breast regression protein-39 (BRP-39), 538
Brevican, 227–228
Burn injury, see Pseudomonas aeruginosa infections

C
Calreticulin (CRT) and calnexin (CNX) chaperones

calcium binding, 126
characteristics, 119
ERp57, 120–121
glucosyltransferase, 125–126
glycans structure, 118
glycoprotein folding quality control, 123–124
protein binding

lectin-only model, 122
polypeptide-based interactions, 123

structure
arm domain, 120
lectin–chaperones, 119

sugar binding, 121
unconventional chaperones, 118–119

Candidiasis, see Vulvovaginal candidiasis (VVC)
Carbohydrate recognition domains (CRDs)

AAA-like proteins, 466
C-type lectins, 14, 524
DC-SIGN, 355
ERGIC-53, 134–135
F-type lectins, 469–470
galectins, 43

classifi cation, 195
domain types, 435

invertebrate models
Drosophila melanogaster and Caenorhabditis 

elegans, 89
lectin identifi cation, 86

Manduca sexta immulectins, 383–384
MGL and mannose receptor, 355–356
monosaccharide specifi city, 14
PpGalec, 499–501
structure, 353
vertebrate species

A. anguilla agglutinin, 90
zebrafi sh galectin, 99

VIPL, 138
Cathepsin Z, 138, 140
Cation-dependent mannose-6-phosphate receptor 

(CD-MPR), 26
carbohydrate-binding properties, 153–154
phosphate recognition region, 155
schematic diagram, 149–150
sugar-binding pocket and signature motif, 155–156
traffi cking of, 150–151

Cation-independent mannose-6-phosphate receptor (CI-MPR)
carbohydrate-binding properties, 153
Man-6-P-containing proteins, 152
recombinant truncated form expression of, 154

schematic diagram, 149–150
sugar-binding pocket and signature motif, 155–156
traffi cking of, 150–151

Caveolin-1 (cav-1), 289
CD44

HA endocytosis, 178–179
hyaluronan (HA) and chondroitin sulfate (CS), 178
knockout mice, 181
and phagocytosis, 179–180
splice variants, 180–181

cDNA cloning, Sinularia lochmodes lectins (SLL-2), 235
CD69 receptor

disulfi de bonds and dimers, 376–377
NK cell function, 375–376
structure, 374, 376

CD33-related siglecs
functions of, 248–249
mutagenesis studies, 247
suppressor of cytokine signaling 3 (SOCS 3), 248

CD22 transmembrane protein
domain organization, 266
interaction partners, 267
regulation

B cell activation, 267
B cell survival, 267–269

therapeutic applications
in autoimmune diseases, 270–271
in oncology, 269–270

CEL-III lectins, Cucumaria echinata
amino acid sequence, 521–522
carbohydrate-binding

mechanism, 523–524
specifi city, 517–518

cytotoxic activity, 518–519
hemolytic activity

analysis, 518–519
mechanism, 524–526

SDS-PAGE analysis, 520–521
self-oligomerization, 519–520
three-dimensional structure, 522–523

Cellular encapsulation, immulectins
capsule formation, 390–391
in vitro assays and bead melanization, 391

Cerebellar granule neurons (CGN), 214–215
Chi3L3 and Chi3L4 (YM 1/YM 2)

structure and physiological ligands, 540–541
suggested function for, 541–542

Chinese hamster ovary (CHO) cells, 518
Chitinase/chilectin cluster

CAZy classifi cation, 531–532
chitin-binding domains, 536
human and mouse chromosome, 532–533
phylogram and bootstrap analysis, 533–534
three-dimensional structures of, 535–536

Chitinase-3-like-1 (Chi3L1) chilectins
in cancer development, 538–540
functions

angiogenic factor, 538
antiapoptotic factor, 537–538
growth factor, 537
and tissue remodeling, 538
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structure, 536–537
Chitinase-like lectins (chilectins), 532
Chitotriosidase (Chit1), 533
Chondroitin sulfate (CS)

components, 172
HARE, 183–184
interactions with CD44, 178
and TSG-6, 174–175

Ciona intestinalis, 89
c-Jun-N-terminal kinase-1 (JNK1), 442
Clostridium perfi nges, hemolytic lectins, 526–527
Clustal alignments, galectin homologs, 501
Clustered carbohydrate interactions, see Multivalent 

binding systems
Coat protein I (COPI), 133–134
Coat protein II (COPII), 133–134
Collectin receptor interaction, SP-A and SP-D, 339–340
Collectins, 18
Concanavalin A (ConA)/tetraantennary analog 

interaction, 436
Hill plots, 34–37
microaffi nity constants, 38–39, 44
negative cooperativity, 37–38, 42–43

Congenital immunodefi ciency, MBL defi ciency, 322–323
Consortium for functional glycomics (CFG), 49–50, 

54, 451
C-type immulectins (IML), Manduca sexta

agglutinating activity, 385–386
binding specifi city

calcium binding, 388–389
IML-1and IML-2 binding affi nity, 387

carbohydrate recognition domain, 385
cellular encapsulation

capsule formation, 390–391
in vitro assays and bead melanization, 391

hemocyte-mediated phagocytosis, 389–390
immulectin isoforms, 384–385
induced expression, 387
larvae protection, 392
prophenoloxidase activation, 389
schematic diagram, 384

C-type lectin carbohydrate recognition domain 
(CTL-CRD), 481

C-type lectin-like domain (CTLD)
Caenorhabditis elegans, 88–89
calx-β CTLD binding protein (CBCP), 79
carbohydrate-binding site and specifi city, 17
CD69 receptor

disulfi de bonds and dimers, 376–377
NK cell function, 375–376
structure, 374, 376

CD94 receptor, 373
discovery of

cDNA/EST sequence database, 78
Fugu genome, 78–79
large-scale cDNA sequencing, 77
sequences and annotation collection, 77–78

Drosophila melanogaster, 89
Fugu genome, 91
functional annotation

Ca2+-dependent monosaccharide binding, 80

crystallographic analysis, 82
mannose-binding protein A, 80–81
sugar-binding properties, 79

galactose-binding, 81
genome sequence annotations, 78–79
glycobiology, 75–76

classifi cation, 76
ligand recognition, 75

Ly49 receptor
dimeric 3D structure, 368, 370
inhibitory and activating receptor, 365–366
monomeric 3D structure, 366, 368–369

NKG2D receptor
function and 3D Structure, 373–375
ligand recognition, 375

quaternary association, 17–18
sequence collection, 77–78
snake venom and avian, 92
sugar-binding, 79–80
three-dimensional structure

calcium role in, 17
crystal structures, 15–16

C-type lectin receptor (CLR)
dendritic cells

CRD and functions, 353
DC-SIGN, 354–355
L-SIGN, 355
macrophage galactose binding lectin (MGL), 

355–356
mannose receptor (MR) and langerin, 356
modulatory signaling properties, 357
PAMPs and DC-SIGN, 353–354

natural killer cells
CD 49 receptor, 374–376
CD 94 receptor, 373
Ly49 receptor, 365–370
NKG2D receptor, 373–375

Cystic fi brosis, SP-A and SP-D, 324
Cytokines, dectin-1 activation, 261

D
DC-specifi c ICAM-3-grabbing nonintegrin (DC-SIGN)

cytoplasmic tail, 354–355
function, 355
modulatory signaling properties, 357

Dectin-1
β-glucan receptor

cell expression, 257
chemistry, 256
cytokines role, 261–262
ITAM motif cell signaling, 257–258
NAPDH activity, 260
structural characteristics, 256–257
zymosan activation, 260

α-Glycan interaction, 357
Dendritic cells

C-type lectin receptor
CRD and functions, 353
DC-SIGN, 354–355
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L-SIGN, 355
macrophage galactose binding lectin (MGL), 

355–356
mannose receptor (MR) and langerin, 356
modulatory signaling properties, 357
PAMPs and DC-SIGN, 353–354

development, 351–352
galectin, 407
T cell polarization, 352
toll-like receptors (TLRs), 353

Diel cycle, 234
Dioclea grandifl ora lectin (DGL)

microaffi nity constants, 38–39, 44–45
negative cooperativity, 37–38, 42

Dorsal root ganglion neurons (DRGN), 
209–210, 214

E
Echinostoma paraensei infection, B. glabrata

acquired resistance, 485–486
FREPs upregulation, 482
G1M and G2M molecules, 484
SDS-PAGE analysis, 479
secretory–excretory products (SEP) analysis, 

477–478
Enzyme-linked immunosorbent assay (ELISA)

biotinylated glycans, 52
murine galectin-4 binding, 52–53
solid-phase approach, 50–51

Epithelial-to-mesenchymal transition (EMT) phenotypes
invasive carcinoma, 288–289
PyMT oncogenes in, 293

ER-associated degradation (ERAD), 165–168
ER-degradation enhancing α-mannosidase-like protein 

(EDEM)
class I α1,2-mannosidase family proteins, 

167–168
domain organization, 166–167
and Htm1p/Mnl1p, 165, 167–168

ERGIC-53-like protein (ERGL), 137, 141
ER Golgi intermediate compartment (ERGIC)-53

cargo protein, 140
cathepsin Z, 138, 140
CRD of, 134–135
cycling properties, 134
factor V and VIII defi ciency, F5F8D, 135, 138

Erinacin, 510
Eunicella cavolinii lectin, 234
Expressed sequence tag (EST)

FREP diversifi cation, 484–485
human XL35 homologs, 456
Lu. longipalpis, 500

Extracellular matrix (ECM) components
aggrecans, 224–226
functionally based families, 223
lecticans, 223–224
Link protein, 225
versican and tenascins, 226–227

Ezrin/radixin/moesin (ERM) linker proteins, 179

F
Fibrinogen-related proteins (FREPs), B. glabrata, 476

antitrematode defense response, 481–483
crystal structure, 476–477
diversifi cation, 485–486
domain structure, 478, 480
expressed sequence tag (EST) studies, 484–485
function of, 483–484
G1M and G2M molecules, 484
and innate immunity, 476, 478
molluscan defense molecule (MDM), 481
SDS-PAGE, 477, 479
speculative diversifi cation mechanism, 486–487

Ficolins, 304
and apoptosis, 512
ascidian, 510–511
characteristics of, 505–506
disease associated, 511–512
FCN1, 2 and 3 genes, 507–508
hedgehog and Xenopus, 510
human, 506–509
mouse, 509
pig, 509–510
role in innate immunity, 511

Fluorescence recovery after photobleaching 
(FRAP), 289

Frontal affi nity chromatography (FAC)
advantages, 66–67
automated instrument development

parallel column-switching system, 67
PA-saccharide concentration, 68

improvement history
biomolecular interactions, 63
electrospray ionization-mass spectrometry, 64
paper publication, 65

lectin frontier database, 68
principle and procedures

lectin-immobilized column, 65
saccharide concentration, 66

F-type lectin domains (FTLDs), 468–469
architecture and quaternary structure, 24–25
carbohydrate-binding site, 24, 466
crystallographic model, 467
discoidin (DS) domain homolog, 471–472
distribution, 465–466
domain architecture, 469–470
fucose-binding proteins, 21–22
sequence variants, 470
three-dimensional structure, 22–23

G
GAGs, see Glycosaminoglycans
Gal-binding lectin, 17
Galectin-1

adaptive immunity
core 2 O-glycans for, 424
immunosuppressive activity, 425–426
MOLT-4 cell apoptosis, 424–425
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proapoptotic activity, 424
B-cell physiology, 405–406
carbohydrate recognition domain, 397–398
chronic infl ammation, 409
in dendritic cell functions, 407
in eosinophil and mast cell functions, 408
innate immunity

leukocyte migration inhibition, 418
proinfl ammatory functions, 418
signaling mechanism, 419–420

location and functions, 398
in macrophage functions

activation stages, 406
parasite replication, 406–407
proinfl ammatory role, 407

in neutrophil-mediated infl ammatory responses, 
407–408

T-cell physiology
anti-infl ammatory effects, 398–399
apoptosis, 400–401
cytokine regulation, 402–403
immunoregulation, 402
lymphocyte adhesion and migration, 

403, 406
pro-infl ammatory effects, 400
regulatory T-cell responses, 403
TCR signaling and immunological 

synapse, 402
Th2-mediated allergic disorders, 410
Th1-mediated autoimmunity, 408–409
tumor immunity, 410–411

Galectin-2
adaptive immunity, 426
innate immunity, 420–421
lymphotoxin-α secretion, 407
T-cell apoptosis, 401
T-cell-derived cytokines regulation, 403

Galectin-3
adaptive immunity

antiapoptotic property, 426
TH2 adaptive immune responses, 427

functions, 286
immune cells

biological effects, 442–443
expression, 436–437
functional regulation, 440–442
homeostatic regulation, 438–440
oligomerization, 436

innate immunity
mast cell and neurophil activation, 421
neutrophil extravasation, 421–422
proinfl ammatory roles and myeloid 

differentiation, 422
and Mgat5

caveolin-1 (cav-1) functions, 289
polyomavirus middle T (PyMT) transgenic 

model in, 288–289
myeloid cells

expression, 437
regulation, 440–441

protein network and, 202–203

structure and distribution of, 195–196
tumor biomarkers, 201–202
and tumor cell

cell proliferation regulation, 198–199
clinical signifi cance of, 201–203
extracellular effect, 196
intracellular effect, 196–198
metastasis, 199–201

Galectin-4 and 8
adaptive immunity, 427
innate immunity, 422
T-cell activation, 402

Galectin receptor (PpGalec)
binding specifi city, 497–498
characteristics, 499–500
clustal alignments and phylogenetic analysis, 

500–501
functions, 498
Leishmania lectin–sand fl y interaction, 499

Galectins (Gal)
ASF interaction

microaffi nity constants, 44–45
microequilibria detection, 39–42
negative cooperativity, 42–44

β-galactoside-binding proteins, 18
carbohydrate-binding specifi city and sites

conserved site, 20
extended and variable site, 21

classifi cation, 285
description, 278–279
Gal-3 and Mgat5, 288–289
glycoprotein interactions, 286–288
N-acetyllactosamine disaccharide, 285–286
quaternary association, 19–20
recombinant galectins role, 286
T cell activation, 293–294
three-dimensional structure, 18–19
zebrafi sh

adaptive immunity, 97
antisense morpholino knockdowns, 101
cancer studies, 97–98
cell lines, 98
Drgal1-L2 notochord expression, 102
ectopic expression, 101–102
embryogenesis and immune function, 96
infection and disease, 97
innate immunity, 96–97
repertoires, 98–101

Gal/GalNAc-specifi c lectins, see CEL-III lectins, 
Cucumaria echinata

Gangliosides and MAG
axon–myelin stability, 213
sialoglycan receptors, 216
Siglec-4 and glycan-binding specifi city, 

210–212
GBPs, see Glycan binding proteins
GlcNAc-binding lectins (p40 and p50), 510
Glutathione-S-transferase (GST)-fusion 

protein, 525
Glycan binding array analysis, XL35 homologs, 451
Glycan binding proteins (GBPs)
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binding affi nity, 56
glycomics, 49–50

Glycan microarrays
covalent coupling strategy, 52
glycomics, 49–50
history, 50
large-scale ELISA-type format

biotinylated glycans, 52
murine galectin-4 binding, 52–53

lectin ligands
adeno-associated viruses, 58–59
infl uenza virus, 57–58

methodology
binding data analysis, 56–58
glycans source, 54
printing, 54–56
samples binding, 56

noncovalent coupling strategy
covalent methods, 51–52
robotic printing, 51
solid-phase binding assays, 50–51

Glycan-related biomarkers, 68
Glycobiology, C-type lectin-like domains

classifi cation, 76
ligand recognition, 75

GlycoChip, 51
Glycomics, 49–50
Glycoprotein

constitutive endocytosis, 289–290
galectins cross-linking, 287–288
N-glycan structural heterogeneity, 286

Glycoprotein folding quality control (QC), 
123–124

Glycosaminoglycans (GAGs)
classes of, 172–173
schematic structures of, 171–172

Glycosylphosphatidylinositol (GPI), 494–495

H
Halocynthia roretzi

fi colins, 510
galactose lectin, 453, 455

Helix pomatia hemagglutinin (HPA), 86
Hemocytes, see Amebocyteproducing organ (APO)
Hemolytic lectins, see CEL-III lectins, 

Cucumaria echinata
Hemophilus infl uenzae, 340
Heparan sulfate (HS), 172
Heparin (HP)

components, 172
and RHAMM, 176
and TSG-6, 175–176

Hepatitis
causes and infection, 310–311
cirrhosis and cryoglobulinemia, 313
MBL variant and levels, 312

Hexosamine pathway, see N-glycans
H-fi colin, 508
Hill plots

ASF/galectin-3 binding, 42–43
carbohydrate/lectin interactions, 34–37
ConA and DGL, 37–38
LacNAc epitope/galectin binding, 39–42

HL-1 and HL-2, XL35 human homologs, 456–458
Human breast carcinoma BT549 cell line, 196–197, 

199–200
Human cartilage glycoprotein-39 (HC-gp39), see 

Chitinase-3-like-1 (Chi3L1) chilectins
Human fi colins, 506–509
Human immunodefi ciency virus (HIV) 

infection, 313–315
AIDS progression, 315
MBL role, 313–314
vertical transmission, 314–315

Human T lymphotropic virus-1 (HTLV-1), 437
Hyaluronan-binding proteoglycans

aggrecan
components, 225
occurrence, 224–225
supramolecular structure, 225–226

brevican, 227–228
neurocan, 227
versican, 226–227

Hyaluronan (HA)
CD44 and endocytosis, 178–179
components, 173
interactions with CD44, 178
and TSG-6, 174–175

Hyaluronic acid receptor for endocytosis (HARE)
expression and isoforms, 183
and GAG binding, 183–184
HA catabolism, 182

I
IBD, see Infl ammatory bowel disease
IgA nephropathy (IgAN), L-fi colin, 511–512
Ig-type lectins

carbohydrate-binding site, 25
structure, 25–26

IHABP, see Intracellular hyaluronic acid binding protein
Immune cells, galectin-3

expression
dendritic and myeloid cells, 436–437
lymphoid cells, 436–437

functional regulation
cell activation, 441–442
cell adhesion, 440
chemoattraction, 442
lymphoid and mye loid cells, 440–441

homeostatic regulation
apoptosis, 439–440
cell differentiation, 438
cell growth, 439

Immunohistochemical localization, 235
Infl ammatory bowel disease, 538
Innate immunity

dectin-1
cell expression, 257
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chemistry, 256
cytokines role, 261–262
ITAM motif cell signaling, 257–258
NAPDH activity, 260
phagocytosis role, 259–260
structural characteristics of, 256–257
zymosan activation, 260

galectin-1
leukocyte migration inhibition, 418
proinfl ammatory functions, 418
signaling mechanism, 419–420

galectin-2, 420–421
galectin-3

mast cell and neurophil activation, 421
neutrophil extravasation, 421–422
proinfl ammatory roles and myeloid 

differentiation, 422
galectin-9, 422–423
galectin-4 and 8, 422
galectin-10 and 14, 423
Manduca sexta immulectins (IML)

agglutinating activity, 385–386
binding specifi city, 387–389
carbohydrate recognition domain, 385
cellular encapsulation, 390–391
hemocyte-mediated phagocytosis, 389–390
immulectin isoforms, 384–385
induced expression, 387
larvae protection, 392
prophenoloxidase activation, 389
schematic diagram, 384

pattern recognition receptors (PRRs), 255
SP-A and SP-D, 339

Insulin-like growth factor II, 26–27
Integrins, 277
Intelectin

human homolog, 457–458
mouse homolog, 452–454

Interleukin-10, 262
Intracellular hyaluronic acid binding protein 

(IHABP), 176
Isothermal titration calorimetry (ITC), 34, 36–42, 44

L
Lactoferrin receptor, XL35 homologs, 457–458
Laetiporus sulphureus lectin (LSL), 526–527
Langerin, 356
Larvae protection, IML-2, 392
Lecticans, 223–224
Lectin–carbohydrate interactions

microaffi nity constants, 44–45
microequilibria detection, 34–37
negative binding cooperativity, 37, 42

Lectin–ligand interactions
biological process, 13
C-type lectins

carbohydrate-binding site and specifi city, 17
extended carbohydrate site, 17
quaternary association, 17–18

three-dimensional structure, 15–17
F-type lectins

architecture and quaternary structure, 24–25
carbohydrate-binding site, 24
three-dimensional structure, 22–23

galectins
β-galactoside-binding proteins, 18
carbohydrate-binding specifi city and 

sites, 20–21
quaternary association, 19–20
three-dimensional structure, 18–19

Ig-type lectins
carbohydrate-binding site, 25
structure, 25–26

lectin families, 14
P-type lectins

architecture and quaternary structure, 28
lysosomal enzymes, 26–27
Man-6-P binding site, 27–28
three-dimensional structure, 27

Lectin microarrays
bio-molecular interactions, 69
differential profi ling, 71–72
evanescent-fi eld fl uorescence-activated method

detection principle, 70
disadvantages, 70–71
wave generation, 69–70

glycan profi ling, 68
inherent properties, 71
lectin–carbohydrate interactions, 68–69

Lectins
coral–zooxanthellae symbiosis

culture methods, 236–237
octocoral Sinularia lochmodes, 234–235
SLL-2 cDNA cloning, 235
SSL-2 immunohistochemical localization, 

235
Eunicella cavolinii, 234
invertebrates and protochordates

arthropod species, 86–87
Caenorhabditis elegans, 88–89
Crassostrea virginica, 88
Drosophila melanogaster and 

Ciona intestinalis, 89
insect species, 87
repertoires, 86

ligands, glycan microarrays
adeno-associated viruses, 58–59
infl uenza virus, 57–58

pathway activation, 511
vertebrate species

fi sh, 90–91
Fugu genome, 91
snakes and avian species, 92

Leishmaniasis, 318
Leishmania species

early survival of, 494, 496
life cycle, 494
and Lu. longipalpis, 497, 499–501
midgut attachment, 496–499
phosphoglycans, 494–495
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L-fi colin, 506–508
Lipophosphoglycan (LPG), 494

Leishmania–sand fl y midgut attachment, 496–499
binding specifi city, 497–498
interspecifi c and intraspecifi c polymorphism, 

495–497
PpGalec midgut receptor, 498–499

midgut lectin activity, 496
PpGalec agglutination, 500

Liver/lymph node-specifi c ICAM-3-grabbing 
nonintegrin (L-SIGN)

functions, 355
modulatory signaling properties, 357

L-type lectins
cargo proteins identifi cation, 142–143
coiled-coil domain, 134–135, 137
Emp46p and Emp47p, 138
ERGIC-53, 134–135
ERGL, 137, 141
features, 136
functions

cathepsin Z, 138, 140
ERGIC-53 cargo protein, 140
factor V and VIII defi ciency, F5F8D, 138
glycoprotein sorting and traffi cking, 139, 

 141–142
KDEL (Lys-Asp-Glu-Leu)-receptor, 134
luminal YFP complementation, 142–143
protein sorting, 133–134
schematic representation, 134–135
VIP36, 137
VIPL, 138, 141

Lung surfactant proteins A (SP-A) and D (SP-D)
in allergy and asthma, 342
in bacterial infections, 340–341
collectin receptor interaction, 339–340
in cystic fi brosis, 342
functions, 337–339
fungal infections, 341
innate and adaptive immune system linkage, 339
structure

globular domains, 336–337
polymorphic forms, 334, 336
subunits and oligomeric structure, 334–335

tissue distribution, 334
in viral infections, 341

Lutzomyia longipalpis, 493
EST database, 500
galectin clustal alignments, 501
permissive vectors, 497, 499

Lymphatic vascular endothelial hyaluronan receptor 1 
(LYVE-1)

expression and lymphangiogenesis, 182
Link domain, 181–182

Lymphoid cells, galectin-3
expression, 436–437
regulation, 440–441

Ly49 receptor, C-type lectin domain (CTLD)
dimeric 3D structure, 368, 370
MHC class I recognition, 368, 370–372
monomeric 3D structure, 366, 368–369

Lysosomal enzyme receptor protein (LERP), 157
Lysosomal storage diseases (LSDs), 147–148, 152

M
Macrophage galactose binding lectin (MGL), 355–356
MAG, see Myelin-associated glycoprotein
Malaria, 317–318
Malignant pleural mesothelioma (MPM), 458
Mannan-binding lectin (MBL), 18

bacterial diseases
meningococcal diseases, 306–308
pneumonia and acute otitis media, 308–310
systemic infl ammatory response syndrome (SIRS) 

and sepsis, 306
tuberculosis, 310

complement activation, 505, 511
defi nition, 304
functions, 304
fungal diseases, 316–317
IgAN, 511–512
immunocompromised infections

major surgery, 321
neutropenia, 318–321

levels and mutations, 304–305
parasitic diseases

leishmaniasis, 318
malaria, 317–318

replacement therapy, 321–322
viral diseases

hepatitis, 310–313
human immunodefi ciency virus (HIV) infection, 

313–315
severe acute respiratory syndrome (SARS), 

315–316
vs. AAA trimer, 468

Mannose-binding protein A (MBP-A), 80–81
Mannose-capped cell wall component lipoarabinomannan 

(ManLAM), 357
Mannose-6-phosphate receptors (MPRs)

CD-MPR and CI-MPR
carbohydrate-binding properties, 153–154
sugar-binding pocket and signature motif, 

155–156
three-dimensional structure of, 154–155

extracellular ligands and recapture pathway, 152
homology, 157–158
intracellular ligands and synthetic pathway, 151–152
mannose 6-phosphate (Man-6-P) tag

CI-MPR expression, 152
generation of, 148
lysosomal enzymes transport pathway, 157

MRH domains, 157–158
mucolipidosis II and III, 149
primary structure of, 149–150
subcellular localization and traffi cking, 150–151

Matrix metalloprotease-1 (MMP-1), 537
Medical glycomics, 72
Membrane pore-formation models, CEL-III, 525–526
Meningococcal diseases
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MBL variants, 308
Neisseria meningitidis attachment, 306–307

Metastasis and galectin-3, 199
M-fi colin, 508–509
Mgat5−/−

metabolic phenotype, 292
sensorimotor tests, 294

Microscopic affi nity constants
ConA and DGL, 34–39
galectins, 44–45

Minute virus of mice (MVM), 59
Mitogenactivated protein kinase (MAPK)
Mouse chilectins, see Chi3L3 and 

Chi3L4 (YM 1/YM 2)
Mouse fi colins (fi colin-A and fi colin-B), 509
Mouse intelectins, 452–454
MsaFBP32, fucose-binding lectin, 466, 469
M-type lectins, see ER-degradation enhancing 

α-mannosidase-like protein (EDEM)
Multiple coagulation factor defi ciency protein 2 

(MCFD2), 135, 140
Multivalent binding systems

implications, 45–46
microequilibria detection

galectins, 39–42
lectins, 34–37

negative cooperativity
ASF, 39–40, 42–43
ConA and DGL, 36–37
galectins, 42–43

Murine galectin-4, 52–53
Murine models, galectin function

endogenous role, 93–94
protective role, infl ammatory processes, 94–95
tumor progression, 95

Myelin-associated glycoprotein
axon–myelin stability, 213
axon regeneration regulation

gangliosides, sialoglycan receptors for, 216
inhibition domains, 214
sialidase role, 214–216

dual receptor, 216–218
gangliosides, 211–212
Siglec lectins and glycan-binding specifi city, 210–213
structure, distribution, and functions

axon regeneration inhibitor, 209–210
nerve conduction velocity, 209
short (S-MAG) and long (L-MAG), 208
ultrastructural location, 208–209

Myeloid cells, galectin-3
expression, 437
regulation, 440–441

N
N-acetyl-d-lactosamine (LacNAc) epitope, 39–40, 43–45
N-acetylgalactosaminyltransferase, 213
N-acetylglucosamine (GlcNAc), 505, 508
NADPH oxidase activity, 260
Natural killer (NK) cells

CD69
disulfi de bonds and dimers, 376–377
NK cell function, 375–376
structure, 374, 376

CD94 receptor, 373
cells function, schematic illustration, 363–364
C-type lectin-like domain (CTLD), 366
inhibitory and activating receptors, 

364–365
Ly49 receptors, CTLD

dimeric 3D structure, 368, 370
MHC class I recognition, 368, 370–372
monomeric 3D structure, 366, 368–369

NKG2D receptor
function and 3D Structure, 373–375
ligand recognition, 375

structural families, 364
Neoglycolipids (NGLs) synthesis, 50–51
Neurocan, 227
Neutropenia, immunocompromised infections

bone marrow transplantation, 320
immunosuppressive therapy, 320–321
MBL defi ciency, 318–320

N-glycans
branching pathway, 290–291
epithelial-to-mesenchymal transition (EMT) 

regulation, 293
expression, 292–293
galectins cross-linking, 287–288
and glycoproteins, 286–287
regulation mechanism, 292
serotonin transporter (SERT) expression, 294
T cell activation, 293–294
TGF-β signaling, 291

N-hydroxysuccinimide (NHS), 54–56
NKG2D receptor

function and 3D Structure, 373–375
ligand recognition, 375

Nogo receptor (NgR), 214, 216, 218
Nonclassical C-type lectin family, see Dectin-1, 

β-glucan receptor
Northern blot analysis

frog embryo XL35 mRNA, 452
human XL35 homolog, 456–457
mouse intelectin, 452–453

O
Octocoral Sinularia lochmodes, 234–235
Omentin, 458
Oncorhynchus mykiss, XL35 homolog, 453, 456

P
Parallel column-switching system, 67
Parasitic diseases, mannan-binding lectin (MBL)

leishmaniasis, 318
malaria, 317–318

Pathogen-associated molecular patterns (PAMPs), 
255, 353–354, 475
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Pattern recognition molecules (PRMs), 475, 485
Pattern recognition receptors (PRRs), 7, 255

calcium binding, 389
encapsulation, 391
larvae protection, 392
phagocytosis, 389–390

Pentraxin-3 (PTX-3), see Phagocytosis
Pentraxins, 90
Peripheral blood mononuclear cells (PBMC), 439
Phagocytosis

and CD44, 179–180
dectin-1, 259–260
immulectins, 389–390
SP-A and SP-D, 338–339

Phlebotomus papatasi, 493; see also Sand fl y lectin–
Leishmania interactions

Phosphatidyl-inositol 3-kinase (PI-3K)
Phosphatidylinositol-specifi c phospholipase C 

(PIPLC), 218
Phylogenetic tree analysis, galectin, 501
Phylogram and bootstrap analysis, 533–534
Pig fi colins (fi colin α and β), 509–510
Pneumocystis carinii, 341
Pneumonia, 308–309
Polymerase chain reaction (PCR)

human XL35 homologs, 456–457
mouse intelectin, 453–454

Polymorphonuclear leukocytes (PMN), 179–180
Polyomavirus middle T (PyMT) transgenic model, 288–289
Pre-BCR (B-cell receptor)

activation
galectins and integrins, 278–279
protein–protein interactions, 279
SLC/GAL1 interactions, 279–280

composition, 277–278
differentiation and activation, 281
functions, 278
and stromal cells synapse, 280–281

Pre-B/stromal cell synapse, 280–281
Prophenoloxidase (proPO) activation, immulectins, 389
Protein–carbohydrate interactions, 18
Protein data bank, 77
Protein disulfi de isomerase (PDI) family, 120–121
Proteophosphoglycans (PPG), 494–495
Pseudomonas aeruginosa infections, 321
P-type lectins; see also Mannose-6-phosphate receptors 

(MPRs)
architecture and quaternary structure, 28
lysosomal enzymes, 26–27
Man-6-P binding site, 27–28
primary structure, 149–150
three-dimensional structure, 27
traffi cking, 150–151

R
Radiolabeled CD22 mAbs, B cell lymphoma, 269
Receptor for hyaluronic acid mediated motility (RHAMM)

hyaladherins, 176
intracellular RHAAM–HA interactions, 177

Recombinant MBL (rMBL) production, 322
Respiratory burst, see NADPH oxidase activity
Reverse transcriptase polymerase chain reaction (RT-PCR) 

analysis
gcIntL mRNA detection, 455
MPM tumors, 458

S
Saccharomyces cerevisiae

CNX and CRT, 122–123
glucosyltransferase, 125
L-type lectins, 138

Sand fl y lectin–Leishmania interactions
lectin activity and early survival, 494, 496
midgut attachment

binding specifi city, 497–498
interspecifi c and intraspecifi c polymorphism, 

495–497
PpGalec midgut receptor, 498–499

phosphoglycans, 494–495
SARS, see Severe acute respiratory syndrome
SauFBP32, fucose-binding lectin, 466
Schistosoma mansoni infection, B. glabrata

FREP upregulation, 484
PCR analysis, 482
retrotransposon transfer, 486

Schizosaccharomyces pombe
calnexin (CNX), 122
Htm1p/Mnl1p, 167
UGGT, 125

Secreted acid phosphatase (sAP) and secreted 
PPG (sPPG), 494–495

Secretory–excretory products (SEP), 477
Selectins, 18
Sepsis, see Systemic infl ammatory response syndrome
Serglycin ligand, CD44, 178
Serial analysis of gene expression (SAGE), human XL35 

homolog, 458
Serine proteinase homologs (SPHs), proPO 

activation, 384
Serum antifreeze proteins (AFPs), 91
Severe acute respiratory syndrome, 315–316
Sialic acid binding lectin (SBL), 476
Sialidase, axon regeneration regulation, 214–216
Sialoadhesin, 266
Sialyltransferase ST6Gal-I, CD22 ligands, 269
Siglecs (sialic acid–binding Ig-type lectins)

CD33-related siglec-H and DAP 12, 249
CD33-related siglecs

mutagenesis studies, 247
suppressor of cytokine signaling 3 

(SOCS 3) 
in, 248

cis-and trans-ligands, 245–246
description, 243–244
nomenclature, 244–245
and pathogens, 249–250
sialodhesion, 246–247
sialylated ligands and, 245
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Signal transduction and survival in B cells, 266; see also 
CD22 transmembrane protein

Silurana tropicalis cortical granule lectin, 
452–453

Single nucleotide polymorphisms (SNPs), 
304–305, 508

Sinularia lochmodes lectins (SLL-2)
cDNA cloning, 235
cultural model systems, 235–237
immunohistochemical localization, 235
isolation and chemical properties, 234–235

Sinularian, 234
SIRS, see Systemic infl ammatory response syndrome
SLC/GAL1 interactions, 279–280
Sodium dodecyl sulfate polyacrylamide 

gel electrophoresis (SDS-PAGE)
CEL-III lectins, 520–521
H-fi colin analysis, 508
XL35 homologs, 450

Solid-phase binding assays, 50–51, 517–518
Spare receptors, 46
Stressactivated protein kinase/Jun N-terminal kinase 

(SAPK/JNK) pathways, 538
Sublingual acinar membrane protein (SLAMP), 137
Suppressor of cytokine signaling 3 (SOCS 3), 248
Surfactant proteins A and D (SP-A and SP-D)

in allergy and asthma, 342
in bacterial infections, 340–341
collectin receptor interaction, 339–340
in cystic fi brosis, 342
functions, 337–339
fungal infections, 341
innate and adaptive immune 

system linkage, 339
structure

globular domains, 336–337
polymorphic forms, 334, 336
subunits and oligomeric structure, 334–335

tissue distribution, 334
in viral infections, 341

Surrogate light chain (SLC), pre-BCR
GAL1 interactions and, 279–280
pre-B cells differentiation, 278

Symbiodinium spp., see Zooxanthellae
Synthetic lactulose amines (SLA), 200
Systemic infl ammatory response syndrome, 306

T
Tachycardia, 306
Tachylectins 5A and 5B (TL5A and TL5B), 508
Tachypnea, 306
Tandem repeat galectins

binding specifi city, 497–498
characteristics, 499–500
clustal alignments and phylogenetic analysis, 

500–501
functions, 498
Leishmania–sand fl y interaction, 499

T cell activation, 293–294

T-cell physiology, galectins
anti-infl ammatory effects, 398–399
apoptosis, 400–401
cytokine regulation, 402–403
immunoregulation, 402
lymphocyte adhesion and migration, 403, 406
pro-infl ammatory effects, 400
regulatory T-cell responses, 403
TCR signaling and immunological synapse, 402

Tenascins, 227
Therapeutic applications, CD22

in autoimmune diseases, 270–271
in oncology, 269–270

Th2-mediated allergic disorders, galectins, 410
Th1-mediated autoimmunity, galectins, 408–409
Toll-like receptors (TLRs), 7, 255, 339, 353
Transforming growth factor-β1 (TGF–β1)–binding 

proteins, 505
trans-Golgi network, 26
Trichinella spiralis infection, intelectin-2, 453–454
Tuberculosis, 310
Tumor cell and galectin-3

cell proliferation regulation, 198–199
clinical signifi cance of, 201–203
extracellular effect, 196
intracellular effect, apoptosis

Akt and TRAIL-induced apoptosis, 198
anoikis inhibition, 197
antiapoptotic activity in, 196–197
mitochondrial integrity, 197–198

metastasis in
angiogenesis and cell–matrix interaction, 200
homotypic and heterotypic cell adhesion, 200–201

protein network and, 202–203
structure and distribution of, 195–196
tumor biomarkers, 201–202

Tumor immunity, galectins, 410–411
Tumor necrosis factor-stimulated gene 6 (TSG-6)

heparin (HP), 175–176
hyaluronan (HA), 174–175
infl ammatory processes, 173–174

Tumor necrosis factor (TNF), cytokines, 261

V
Versican, 226–227
Vertebrate model systems, galectin function

murine models
endogenous role, 93–94
protective role, 94–95
tumor progression, 95

zebrafi sh
adaptive immunity, 97
antisense morpholino knockdowns, 101
cancer studies, 97–98
cell lines, 98
Drgal1-L2 notochord expression, 102
ectopic expression, 101–102
embryogenesis and immune function, 96
infection and disease, 97
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innate immunity, 96–97
repertoires, 98–101

Vesicular integral membrane protein of 36 kDa 
(VIP36), 137

VIP36-like protein (VIPL ), 138, 141
Viral diseases, mannan-binding lectin (MBL)

hepatitis
causes and infection, 310–311
cirrhosis and cryoglobulinemia, 313
MBL variant and levels, 312

human immunodefi ciency virus (HIV) infection
AIDS progression, 315
MBL role, 313–314
vertical transmission, 314–315

severe acute respiratory syndrome (SARS), 315–316
Vulvovaginal candidiasis (VVC), 316–317

X
Xenopus fi colin (XeFCN), 510
Xenopus laevis oocyte cortical granule lectin (XL35) 

homologs
aminoacid sequence, 453
structural characteristics, 450–451

X-lectins
characteristics, 450
dendogram, 455
fi sh, 454–456
frog embryos, 452–453
glycan binding array analysis, 451
human, 456–458
mouse, 452–454

Y
Yellow fl uorescence protein (YFP), 

142–143
YKL-40, see Chitinase-3-like-1 (Chi3L1) 

chilectins

Z
Zebrafi sh, galectin function

adaptive immunity, 97
antisense morpholino knockdowns, 101
cancer studies, 97–98
cell lines, 98
Drgal1-L2 notochord expression, 102
ectopic expression

dominant negative approach, 101–102
gene overexpression, 101
notochord-and muscle-specifi c 

promoters, 102
embryogenesis and immune 

function, 96
infection and disease, 97
innate immunity

animal model, 96–97
vs. wild type, 102–103

repertoires
characteristics, 98–99
Drgal1-L2 homology modeling, 

98, 100–101
Zooxanthellae, 233, 237
Zymosan, 260
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FIGURE 4.3
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FIGURE 25.8
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FIGURE 27.3
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