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Foreword

Lectin proteins recognise carbohydrate structures and those derived from plant
sources such as ricin, wheat germ agglutinin and Concanavilin A have been of
interest to immunologists for some time. More recently, lectin-like molecules in
mammalian species have become widely studied as mediators of cellular recogni-
tion and responses such as adhesion, phagocytosis and cytotoxicity. They con-
tribute to host–pathogen interactions, both invasion and evasion strategies,
providing clues to ongoing evolution. Their ability to discriminate self from
non-and modified self has been of perennial interest to immunologists. In combi-
nation with other membrane molecules, they contribute to homeostasis, inflam-
mation and repair, with special reference to innate, acquired and autoimmunity;
lectin receptors and potential ligands are expressed by all haematopoietic cells on
the plasma membrane for extracellular recognition, and in cytoplasm during
membrane glycoprotein and glycolipid biosynthesis and processing. The discipline
of Glycobiology has grown enormously with technical advances in glycomic and
structural analysis, facilitated by immunochemical tools such as monoclonal anti-
bodies and contemporary genomics, cell biology and in vivo gene manipulation.

The present volume edited by Shie-Liang Edmond Hsieh from the Academia
Sinica in the Republic of China (Taiwan) fulfils an unmet need in focussing on an
important subgroup of receptors with canonical C-Type Lectin (CLEC) domains.
The field of glycobiology research has flourished in Taiwan, with the return to
Chang Gung University of Albert M Wu, a collaborator of Elvin Kabat at Columbia
University in New York, and Chi-Huey Wong who was the founder director of the
Genomics Research Center and President of Academia Sinica, which is the most
prestigious research institute in Taiwan, from the development of a major research
centre in Life Sciences at the Academia Sinica in Taipei. Shie-Liang Hsieh received
his medical education at the National Yang-Ming University, and a doctorate in
Biochemistry in Porter’s laboratory at Oxford. After postdoctoral studies with Hugh
McDevitt at Stanford, he became a professor at National Yang-Ming University
(from 1993–2003) and a Distinguished Research Fellow (from 2013 to the present)
at the Academia Sinica, with broad research interests in Glycoimmunology, host–
pathogen interactions and cancer immunology. He has published extensively on the
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role of glycan recognition in Dengue and other viral infections, by CLEC5A, and
on a Decoy receptor 3 with pleiotropic roles in immunomodulation and
immunopathology. In addition to several Taiwanese colleagues, notably Fu-Tong
Liu, a galectin specialist, has established close ties with scientists in China, Japan,
the UK and USA, as is evident from the list of contributors to the present volume.

Highlights of Individual Chapters (Corresponding Authors) Chapter 1 C-type
lectin receptors (CLRs) in antifungal immunity, GD Brown, Aberdeen University

After a broad introductory summary of CLRs in innate and adaptive immunity, 4
fungal infections—Candida albicans, Aspergillus fumigatus, Cryptococcus neo-
formans and Pneumocystis jiravecii are discussed, dealing with fungal wall com-
position, receptor–ligand interactions and signalling pathways. Innate receptors
implicated in microbial recognition include CLRs, Toll-, RIGI- and NOD-like
Receptors, as well as Collectins. The authors describe a novel melanin sensing
receptor, MelLec. They review CLR structure, phylogeny and expression on
myeloid cells. Signalling, direct or via the FcR gamma chain, induces a range of
effector responses. Activatory or Inhibitory ITAM or ITIM motifs initiate kinase
and phosphatase activation, respectively.

Chapter 2 Immune recognition of pathogen-derived glycolipids through Mincle, Y
Miyake, Saga University, Japan

Ligands for Mincle include pathogen glycolipids and trehalose dimycolate
(TDM) induced activation or inhibition depends on the setting. The Mincle receptor
gene cluster includes Dectin-2, MCL, a Mincle partner and DCAR. The role of
Mincle in Mycobacterial, Klebsiella and Strep pneumonia infections is considered
in detail. Leishmania major releases soluble Mincle ligand, a possible evasion
mechanism. Sterile ligands include damaged cells and cholesterol crystals.
Mycobacterial adjuvant may enhance vaccine efficacy, especially in early life.

Chapter 3 CLEC5A: A promiscuous pattern recognition receptor to microbes and
beyond, S-L Hsieh, Academia Sinica, Taiwan

CLEC5A is a promiscuous, low-affinity CLR; multivalent heterocomplexes with
DC-SIGN and mannose receptor to activate Syk. This CLR, together with TLR2,
has been implicated in the cytokine storm and neutrophil extracellular trap for-
mation associated with the Dengue shock syndrome; Clec5A can participate in
inflammasome activation, neurologic, vasculitis and osteoclast complications of
Dengue viral infection. Microbial ligands include other viral glycans and Listeria
monocytogenes coactivate CLEC5A/TLR2 complex to induce the differentiation of
gamma/delta Th17 cells in intestine.

Chapter 4 Collectins: Innate immune pattern recognition molecules, U Kishore,
Brunel University, UK

These soluble lectins include Mannose-binding lectin (MBL), bovine conglu-
tinins and Surfactant proteins A and D, produced in lung and other tissues, e.g.
placenta (CL-P1). Collectins mediate microbial agglutination, neutralisation,
opsonisation and complement activation; they modulate inflammatory responses and
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link innate and adaptive immunity. Collagenous polypeptides and multimerisation
play an important role in these activities. MBL is known to associate with serum
proteases (Masps). An extensive description includes collectin structures, sources
and induction in lung and beyond. Collectin ligands are broad, mannose-like or
galactose-like, or even non glycans; they are present in various bacteria, viruses,
fungi, parasites and helminths. Binding may occur to a C1Q Receptor protein and/or
calreticulin. Collectins can play a role as anti-opsonins as well as in opsonisation.
Human deficiency and possible functional consequences are described.

Chapter 5 Insect C-type lectins in microbial infections, G Cheng, Tsinghua
University, China

Insect lectins are involved in Innate immunity. They are pleiotropic and con-
tribute to recognition, agglutination, encapsulation, melanisation, phagocytosis by
hemocytes and propenol oxidation. Lectin–microbiome interactions may contribute
to homeostasis. Insects provide genetically tractable models to study infections by
bacteria, viruses, parasites and fungi. Apart from host defence, it is possible that
lectins facilitate the transmission of infection.

Chapter 6 Galectins in host defense against microbial infections, F-T Liu Academia
Sinica, Taiwan

Secretion of galectins occurs by unidentified mechanisms. Various galectins
contribute to pathogen recognition, innate and adaptive immunity. An intriguing
function to promote autophagy has been described for Intracellular galectins. Gal8
binding has been demonstrated to luminal host glycans of ruptured endo-lysosomes.
Ligands of galectins include bacteria, viruses such as HIV and influenza, fungi,
parasites and helminths. Galectins may play a role in the budding and transmission
of viruses. The authors caution against using galectins exogenously added to cells
to study the functions of endogenous galectins, and remind us that galectins are
mainly located inside the cells and may bind to intracellular proteins independent of
glycans.

Chapter 7 Galectins in host–pathogen interactions: Structural, functional and evo-
lutionary aspects, GR Vasta, University of Maryland, USA

Pathogens use galectins to gain entry into host cells and also to evade effector
mechanisms, with implications for evolutionary selection. The author argues for
involvement of galectins in self/non-self-recognition and a role in the infection of
Dendritic Cells by HIV. A Zebra fish model has been used to study galectin
function in vivo.

Chapter 8 Siglecs at the host–pathogen interface, YC Chang, National Taiwan
University, Taiwan

This chapter is written in collaboration with V Nizet, an expert on PMN. There
are 2 phylogenetic families of Siglecs, named after the combination of
Immunoglobulin superfamily and lectin domains (Crocker et al, Glycobiology,
1998, v8): CD33- and Siglec-1-related, there are 14 in human and 9 in the mouse,
with a single ligand-binding Vset domain. Siglecs have no functional intracellular
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domain; ITIM domains generate inhibitory signals through SHP phosphatase,
activating ITAM domain is contributed by the adaptor DAP 12. An example given
of pathogen interaction is Siglec 9 which downregulates the respiratory burst in
human PMN in response to Group B Streptococcal infection, the sialylated residues
of capsular polysaccharide conferring resistance to killing. Soluble Siglec 9 pro-
vides a decoy signal which renders PMN more resistant to infection. This may set
the stage for an evolutionary dynamic, to counteract inhibitory receptor expression.
Whereas medically important bacteria and viruses can take advantage of Sialic
acid–Siglec interactions. Highly restricted Siglec-1 (CD169) expression by metal-
lophilic macrophages in mouse spleen can serve as the reservoir for systemic
Streptococcal pneumonia infection. A loss of function truncation variant of the
Siglec-1 gene is thought to be relatively common in human populations. Narrow
cell tropism of Siglec-1 may account for striking species specificity of PPRRSV, a
devastating porcine reproductive and respiratory syndrome virus infection.

Chapter 9 Siglecs that associate with DAP12, T Angata, Academia Sinica, Taiwan
Polymorphisms of receptor pairs may contribute to bacterial susceptibility or

resistance. The author, a former postdoc with A Varki, discusses the concept that
immune cells may sense sialic acid residues on their own cells, perhaps relevant to
auto immunity. Factor H, a regulator of complement, can bind Siglec-1. Another
important molecule that associates with DAP-12 is TREM, implicated in a
Neurologic genetic disorder and Alzheimer’s disease.

PERSPECTIVE

The focus of this volume on a variety of CTL and a range of host-pathogens provides
a valuable resource of the existing literature, and a perspective on common themes as
well as the specificity or redundancy of lectin–glycan interactions. Lectins constitute
only a subset of potential membrane, cytoplasmic or soluble pathogen receptors,
which include opsonic (Fc and complement), Toll-like and other non-opsonic sen-
sors, such as various Scavenger Receptors (SR) A and B, NOD-Like (NLR),
RIG-like (RLR) and DNA-recognition molecules, among others. The lectin-like
receptors can be relatively selective for terminal sialyl, mannosyl and galactosyl
structures, but tend to be of low affinity and promiscuous. They can signal directly
e.g. Dectin-1 which activates a well-defined syk and CARD 9 pathway through an
ITAM domain, or depend on a partner transmembrane protein such as DAP12 or the
FcR common gamma chain to signal; Inhibitory receptors contain an ITIM motif.
Structural diversity endows myeloid cell populations, for example, with functional
plasticity.

Bacteria and fungi provide a great deal of scope for recognition of foreign, often
complex structures, distinct from self, in contrast with viral glycoproteins which
incorporate host glycans, and tumour cells which are subtly modified self, at best.
The role of the highly polymorphic MHC complex in CLR biology has not been
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sufficiently studied, by contrast with the lectin-dependent activation pathway of the
complement cascade. Nevertheless, the CLRs have been amply demonstrated to
play a vital role in viral entry and transmission, not least by the studies of
Shie-Liang Hsieh.

Another theme of this collection of articles is the role of multimerisation and
complex formation of CLR polypeptides with other host molecules during cell
adhesion, phagocytosis and receptor-mediated endocytosis. The cellular biology
of these molecular interactions is now amenable to high-resolution study. The use
of genetic depletion of defined CLRs will be of considerable value in uncovering
pathogen invasion and evasion strategies.

The variation in CLR genes and their expression in different species is sug-
gestive of ongoing evolution, e.g. among primates and other mammals, resulting
from gene duplication, mutation and selection pressure by infection. While it is
essential to study this in all species, including invertebrates and microorganisms
themselves, it also means that rodent and insect models may not reflect human CLR
functions. Natural variants in human populations deserve further study and
experimental methods are now available to delete selected genes in human immune
cells in vitro, for example, single cell mRNA analysis of human tissues and
immunohistochemical and FACS analysis of CLR expression in situ and ex vivo
will provide much-needed further evidence of tissue specificity of CLR expression.
Such information will yield new tools for diagnosis and hopefully therapy.

The restricted focus of the present volume was a wise choice, which confined
much of the content to the immune system and pathogens. There are tantalising
hints that CLR biology extends beyond immunity, to all aspects of development,
physiology and pathogenesis. When sufficient information accrues, it may be
worthwhile to undertake a follow-up companion volume along these lines. In the
meantime, all the contributors have performed a valuable service in summarising
what is known, in order to catalyse a deeper understanding of structures and
functions of the role of CLRs in immune homeostasis and possible therapy.

Siamon Gordon
Chang Gung University, Taoyuan

City Taiwan
University of Oxford, Oxford UK
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Chapter 1
C-Type Lectin Receptors in Antifungal
Immunity

Christina Nikolakopoulou, Janet A. Willment and Gordon D. Brown

Abstract Most fungal species are harmless to humans and some exist as commen-
sals onmucocutaneous surfaces.Yetmany fungi are opportunistic pathogens, causing
life-threatening invasive infectionswhen the immune system becomes compromised.
The fungal cell wall contains conserved pathogen-associated molecular patterns
(PAMPs), which allow the immune system to distinguish between self (endogenous
molecular patterns) and foreign material. Sensing of invasive microbial pathogens
is achieved through recognition of PAMPs by pattern recognition receptors (PRRs).
One of the predominant fungal-sensing PRRs is the C-type lectin receptor (CLR)
family. These receptors bind to structures present on the fungal cell wall, elicit-
ing various innate immune responses as well as shaping adaptive immunity. In this
chapter, we specifically focus on the four major human fungal pathogens, Can-
dida albicans, Aspergillus fumigatus, Cryptococcus neoformans and Pneumocystis
jirovecii, reviewing our current understanding of the CLRs that are involved in their
recognition and protection of the host.

Keywords Pathogenic fungi · Antifungal immunity · PRRs · CLRs

1.1 Introduction

Fungi are eukaryotic organisms that include yeasts, moulds and mushrooms. The
fungal kingdom is large and distinct from animals and plants, with over one million
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2 C. Nikolakopoulou et al.

fungal speciesmainly found on organic substrates, such as plant debris and soil (Mora
et al. 2011). It has been estimated that around 600 fungal species can cause disease in
humans (Brown et al. 2012). Most human-associated fungi are found as commensals
on mucocutaneous surfaces, such as Candida and Malassezia species and do not
cause any disease in healthy individuals (Havlickova et al. 2008). Fungal pathogens
rarely cause disease in immunocompetent people, with the most frequent infections
being onychomycosis, keratitis (corneal infection that can lead to blindness) and der-
matophytosis (infection of the skin) and in rare occasions invasive infections (Brown
et al. 2012). However, commensal fungi and many environmental fungi can become
opportunistic pathogens when there is a disruption in physical barriers, when the
immune system of the host is compromised, or in times of fungal dysbiosis (Brown
2011; Iliev and Leonardi 2017). The incidence of invasive fungal infections (IFI)
has increased significantly over the last 30 years mainly because of the HIV/AIDS
pandemic and invasive and immunosuppressive modern medical treatments (Erwig
and Gow 2016). Recent estimates indicate more people die globally from fungal
infections than malaria and about the same number die from tuberculosis (Brown
et al. 2012); yet significantly less research is conducted on fungal infections. Even
though in the UK, between 1997 and 2010, £2.6 billion was invested in research on
all infectious diseases (Head et al. 2013), only 2% of this was put towards medical
mycology research (Head et al. 2014). As a result, many people are unaware of their
huge impact and most of the times fungal diseases are undiagnosed. Some signifi-
cant problems facing the field are the lack of appropriate diagnostics and vaccines.
Although antifungal drugs are available, they suffer from toxicity, rising resistance
and other complications. About 1.6 million people die each year because of lethal
IFI (https://www.gaffi.org/why/fungal-disease-frequency/) (Brown et al. 2012). In
the developed world, the mortality rate due to common life-threatening fungal infec-
tions, even in non-AIDS patients, often exceeds 50% despite treatment (https://www.
gaffi.org/why/fungal-disease-frequency/).

Fungal pathogens are primarily recognised by a family of pattern recognition
receptors (PRRs), known as C-type lectin receptors (CLRs). In this chapter, we will
focus on the CLRs involved in the recognition of the four fungal pathogens with the
highest disease burden;Candida albicans,Aspergillus fumigatus,Cryptococcus neo-
formans and Pneumocystis jirovecii. These cause invasive candidiasis, invasive and
chronic pulmonary aspergillosis (CPA), cryptococcal meningitis and pneumocys-
tis pneumonia, respectively (https://www.gaffi.org/why/fungal-disease-frequency/).
A brief introduction to the fungal cell wall and the major CLRs recognising these
structures will be presented, and then the roles of these receptors in the control of
each pathogen will be discussed in detail.

1.2 Structure of the Fungal Cell Wall

The cell wall of fungal pathogens is a perfect target for our immune system to
separate “self” from “non-self” as it consists of proteins and polysaccharides that

https://www.gaffi.org/why/fungal-disease-frequency/
https://www.gaffi.org/why/fungal-disease-frequency/
https://www.gaffi.org/why/fungal-disease-frequency/


1 C-Type Lectin Receptors in Antifungal Immunity 3

are not present in mammalian cells. However, recognition of fungi is complicated by
their ability to adopt different morphologies, such as yeasts, hyphae, encapsulated
cells and enlarged cells, making it hard for phagocytic cells to detect and kill these
pathogens. Fungi become a “moving target” for the immune system in response
to metabolic adaptation during infection. For example, C. albicans changes its cell
wall components upon exposure to the host metabolite lactate, preventing immune
recognition (Ballou et al. 2016). As the fungal cell wall has been extensively reviewed
elsewhere (Erwig and Gow 2016), the following paragraphs will provide a brief
context for our review.

Fungi have an inner and an outer cell wall that are made of different components
and the proportion of these components varies in the different morphologies and
species (see following sections for more details). Approximately 90% of the cell
wall is comprised of carbohydrates and the remainder are proteins. The inner cell
wall of almost all fungi is made up of β-glucans and chitin (Fig. 1.1). In the case of

Fig. 1.1 Fungal cell wall composition and recognition by phagocytes. Figure and legend from
Erwig andGow (2016) with permission. The cell wall structures of selected fungal cells are depicted
schematically showing the various layers. The core inner skeletal layer is comprised of the highly
pro-inflammatory β-1,3-glucan, β-1,6-glucan and chitin. a In the cell walls of Candida species, the
outer layer comprises mainly pro-inflammatory O-linked mannans, N-linked mannans and phos-
phorylated mannans. bRecent genomics analysis suggests that Pneumocystis spp. lack the enzymes
that are required to synthesize chitin and the outer chain N-mannans, but have an outer wall with
core N-mannan and O-mannan proteins. c, d The conidial spore wall of Aspergillus spp. consists
of an immunologically inert outer hydrophobin rodlet layer and includes an inner melanin layer
(part c), whereas the hyphae of Aspergillus fumigatus have a typical inner cell wall composition but
have α-1,3-glucan, galactomannan and galactosaminoglycan (GAG) in the outer cell wall, along
with a reduced amount of glycoprotein compared with the walls of Candida species (part d). e The
cell wall of Cryptococcus is surrounded by a thick capsule of glucuronoxylomannan (GXM) and
galactoxylomannan (GalXM), which is sloughed off in large quantities and can inhibit phagocyte
function, and the inner wall has a layer of melanin
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P. jirovecii, though, it is still debatable whether chitin is present in the inner cell wall
(Skalski et al. 2015; Ma et al. 2016).

The outer cell wall layer ofC. albicans contains mainly O- and N-linked mannans
that form glycoproteins through their covalent association with proteins (Erwig and
Gow 2016). The inner cell wall is more dense than the outer cell wall, primarily
due to the covalent attachment of chitin, galactomannan and other proteins to β-
glucans (Van De Veerdonk et al. 2017) (Fig. 1.1a). C. albicans can transit from the
yeast to hyphal form, modifying the composition of the cell wall with changes in
protein content, increased chitin, modified glucan structures (closed β-glucan linked
structures) and glycosylation (Chaffin et al. 1998; Heilmann et al. 2011; Lowman
et al. 2014).

During its life cycle, A. fumigatus germinates from conidia to form hyphae,
which changes the composition of the cell wall. As a result, different PAMPs are
exposed (Fig. 1.1c, d). Specifically, the conidia cell wall contains α-1,3-glucan, 1,8-
dihydroxynaphthalene-(DHN) melanin (synthesised from the pentaketide pathway)
and a rodlet layer made of hydrophobins (highly organised hydrophobic proteins).
This rodlet layer coats the conidial outer cell wall (Fig. 1.1c) (Van De Veerdonk et al.
2017). Upon hyphae formation, the rodlet layer is removed and the melanin layers
are lost completely. Hyphae then form an extracellular matrix (ECM) that contains
α-1,3-glucans, galactomannan, galactosaminogalactan (GAG) and proteins that can
enhance disease (Fig. 1.1d).

A characteristic feature ofC. neoformans cell wall that is not found inC. albicans
or A. fumigatus cell wall is a thick gelatinous capsule. This surrounds the outer wall
ofC. neoformans and is composed of polysaccharides including glucuronoxyloman-
nan (GXM) and galactoxylomannan (GalXM) (Fig. 1.1e). The capsule masks cell
wall β-glucan from immune recognition (see below), inhibiting the production of
pro-inflammatory cytokines and protects the pathogen from phagocytosis, due to its
negative charge, and from antibody and complement depletion (Buchanan and Mur-
phy 1998). The inner wall of C. neoformans contains 3,4-dihydroxyphenylalanine
(DOPA) melanin, which unlike A. fumigatus 1,8-DHNmelanin, is formed by laccase
and protects C. neoformans against the host immune response through its antioxi-
dant ability (Casadevall et al. 2000). In the cell wall of C. neoformans, melanin is
accumulated inmelanin granules that consist of fungal melanosomes. These granules
are associated with proteins that contribute to the generation of melanin as well as
its structure. Melanisation of C. neoformans is thought to be similar to mammalian
melanisation; in both systems melanin synthesis occurs inside specialised vesicles,
themelanosomes, that provide protection to the host cell from toxic reaction interme-
diates (Camacho et al. 2019).C. neoformans can form titan cells during infection that
have a gigantic size of up to 100μm, in contrast to the size of typical cells, which are
5–7 μm in cell diameter (Zaragoza et al. 2010). These cells expose different PAMPs
including altered chitin content in the cell wall (Mukaremera et al. 2018).

Lastly, the outer cell wall of P. jirovecii contains highly mannosylated (N-mannan
and O-mannan) glycoproteins that mask β-glucan. Unlike C. albicans and A. fumi-
gatus, however, the outer cell wall of P. jirovecii contains a heavily mannosylated
glycoprotein A (gpA or MSG), but not the outer chain of N-mannans (Fig. 1.1b)
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(Ma et al. 2016). The life cycle of Pneumocystis is uniquely adapted to growth in
its host having lost the ability to grow outside the lung, and it is difficult to grow
this fungus in vitro. Inside the lung, Pneumocystis undergoes three life cycle stages;
cyst, precystic form and trophic form, which differ in size and shape. The precyst
and trophic form are similar in cell wall composition (Chabé et al. 2011) and lack
β-glucan (Nollstadt et al. 1994).

1.3 Pattern Recognition Receptors (PRRs)

The first line of defence against fungal pathogens is provided by the skin, mucosal
surfaces and antimicrobial peptides (AMPs). AMPs are secreted by epithelial cells or
produced in secretions and are active against many fungi, including C. albicans, A.
fumigatus and C. neoformans (Schop 2007; Brown 2011). However, this protection
is lost when these physical barriers are breached, and the pathogen invades deeper tis-
sues. This invasion is sensed by the innate immune system which becomes activated,
promoting the recognition and killing of the invading organisms. Innate recognition
occurs through germline-encoded pattern recognition receptors (PRRs), which are
expressed in nearly all cell types and recognise pathogen-associated molecular pat-
terns (PAMPs) (Janeway 1992). As mentioned above, the cell wall contains many
fungal PAMPs, which are recognised by PRRs via two mechanisms. The first is indi-
rect recognition, where the fungal pathogens are opsonised by soluble PRRs, e.g. the
complement receptor (CR3), enabling recognition through opsonic receptors. The
second mechanism is direct recognition, where cell surface PRRs bind directly to
the pathogen (Brown 2011) (Fig. 1.2).

All cells express PRRs. Epithelial and endothelial cell-expressed PRRs play an
important role in antimicrobial immunity by stimulating the release of AMPs and
inflammatory cytokines. For example, oral epithelial cells contribute to the host
defence against oropharyngeal candidiasis (OPC) as they can sense C. albicans and
upon invasion, they secrete AMPs and pro-inflammatory cytokines (Swidergall and
Filler 2017). Another example is the expression of the newly identifiedCLR,Melanin
sensing C-type lectin receptor (MelLec, which is discussed further below), which
is expressed predominantly by endothelial cells in mice, and recognises A. fumiga-
tus 1,8-DHN melanin (Stappers et al. 2018). Neutrophils, macrophages and other
phagocytic cells use PRRs to take up and kill pathogens, as well as stimulating pro-
inflammatory responses (Fig. 1.2). Following uptake and killing, antigen-presenting
cells (APCs), such as dendritic cells (DCs) process antigenic fragments on major
histocompatibility complex (MHC) class I or II molecules for presentation and acti-
vation of naïve T cells, and ultimately induce an adaptive immune response. The
control of fungal infections is primarily reliant on Th1 and Th17 adaptive immunity
(Brown 2011).

There are four families of PRRs that recognise microbial pathogens; Toll-like
receptor (TLR), Nod-like receptor (NLR), RIG-I-like receptor (RLR) and C-type
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Fig. 1.2 Recognition of fungal pathogens by pattern recognition receptors (PRRs). Recognition
of fungi takes place via numerous mechanisms, both direct and indirect, by cells of the innate
immune system such as macrophages and neutrophils, and non-immune cells such as epithelial and
endothelial cells. Indirect mechanisms of recognition are by Fc Receptors or complement receptors,
such as CR3 (shown here as a heterodimer of CD11b and CD18), of fungi coated by serum opsonins
(green crescent), such as antibodies and complement, respectively. Soluble PPRs, such as collectins,
surfactant proteins-A and D and mannose-binding lectins can act as opsonins. Direct mechanisms
of recognition by membrane bound PPRs, such as mannose receptor (MR), Dectin-1, Dectin-2,
macrophage C-type lectin (MCL), Melanin sensing C-type lectin receptor (MelLec) and Toll-like
receptors (TLRs) interact with fungi on the cell surface and some are recruited to the phagosome.
Intracellular recognition of fungi occurs, both in the cytoplasm and vacuoles by Nod-like receptors
(NLRs) and TLRs, respectively (not shown). Collaboration between various PRRs, such as Dectin-1
and the TLRs (red arrows) or between CLRs can alter the antifungal response. Depending on the
cell type, recognition and uptake induces the production of inflammatory mediators and release of
reactive oxygen species and antifungal peptides (black arrows). Fungal antigen presentation and
cytokine production by antigen presenting cells, such as dendritic cells, shapes the adaptive immune
response. Fungi undergo morphological changes (orange arrows) which alter their PAMP exposure
(e.g. Candida masks its β-glucan exposure) and consequently the range of PRRs that recognise
them differs. Fungi, such as Pneumocystis, have been shown to induce cleavage of PRRs, e.g. MR
which binds to the fungus and alters the immune response. Fungal derived cell wall components,
such as 1,8-dihydroxynaphthalene (black trapezium), which forms the melanin layer in Aspergillus
conidia, can be recognised by the endothelial membrane bound receptor MelLec, but is shed once
swelling and germination occurs
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lectin receptor (CLR) families. We will focus here on the CLRs, which are the main
PRRs involved in antifungal immunity.

1.4 C-Type Lectin Receptors (CLRs)

TheCLRs are a diverse family of receptors that contain one ormoreC-type lectin-like
domain (CTLD). These proteins can be soluble or transmembrane bound and recog-
nise most human fungal pathogens through conserved motifs found in the CTLD.
These motifs include QPD (Gln–Pro–Asp) and EPN (Glu–Pro–Asn), which specifi-
cally recognise galactose-type and mannose-type carbohydrates, respectively (Weis
et al. 1998; Zelensky and Gready 2005). Soluble CLRs including the collectins, sur-
factant protein A (SP-A), SP-D, mannose-binding lectin (MBP) and collectin kidney
protein 1 (CL-K1; also known as collectin 11), can act as opsonins and antimicrobial
proteins (Brown et al. 2018). Here, we will focus only on transmembrane receptors.
Initially, it was thought that CLRs bound only to carbohydrates in a Ca2+-dependent
manner, hence the name of this class of receptors. However, it is now known that
many CLRs not only bind non-carbohydrates (e.g. lipids and proteins) via CTLDs
but can also bind ligands in a Ca2+-independent fashion (e.g. β-glucan). The CLRs
have been separated into 17 groups based on their structure and phylogeny (Zelen-
sky and Gready 2005). See http://www.imperial.ac.uk/research/animallectins/ctld/
mammals/humanvmousedata.html for the full list of CTLD receptor groups.

CLR members of the group II, V and VI receptors (Fig. 1.3) are predomi-
nantly expressed on myeloid cells and are involved in antifungal immunity and
will be discussed here. The group VI CLRs are type I transmembrane receptors with

Fig. 1.3 Schematic representation of C-type lectin receptors. The structure of the CLRs described
in the main text and the groups they belong to are depicted here

http://www.imperial.ac.uk/research/animallectins/ctld/mammals/humanvmousedata.html
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multiple CTLDs, and group II and V CLRs are type II transmembrane receptors
with single extracellular CTLDs (Fig. 1.3). Some of these transmembrane recep-
tors can trigger intracellular signalling directly or through association with other
signalling molecules (for e.g. FcRγ) (Fig. 1.4), forming signalling heterodimeric
and sometimes heterotrimeric complexes. An example of heterotrimeric complex
is the recently described one formed between macrophage-inducible C-type lectin
(Mincle)/macrophage C-type lectin (MCL)/FcεRI-γ (Lobato-Pascual et al. 2013).
According to the signalling pathways they utilise, CLRs can be further divided into
activation or inhibitory receptors.

Fig. 1.4 Signalling pathways in innate recognition of fungi. The signalling pathways throughwhich
CLRs act are depicted here. Upon binding of activation CLRs (DC-SIGN, Dectin-1, Dectin-2, Min-
cle and MCL) to fungal PAMPs, they trigger intracellular signalling through an immunoreceptor
tyrosine-based activation motif (ITAM) domain(s) located inside their cytoplasmic tails or via asso-
ciation with ITAM-bearing Fc receptor γ-chain (FcRγ) adaptor molecules. Phosphorylated ITAMs
promote the recruitment of spleen tyrosine kinase (Syk) kinase, which is then phosphorylated
resulting in the binding of caspase recruitment domain-containing protein 9 (CARD9), B-cell lym-
phoma/leukaemia 10 (BCL-10) and mucosa-associated lymphoid tissue 1 (MALT1). The resulting
complex stimulates the canonical (c-Rel and p65) or the NF-κB-inducing kinase (NIK)-dependent
non-canonical (RelB)NF-κB subunit and theNOD-, LRR- and pyrin domain-containing 3 (NLRP3)
inflammasome. This leads to the production of reactive oxygen species (ROS) and the proteolytic
activation of the pro-inflammatory cytokines IL-1β and IL-18 by caspase 1. Ligand recognition can
also drive, in a cell and receptor specific manner, phagocytosis and the respiratory burst, which
do not require transcription and in some cases are Syk-independent. Dectin-1 and DC-SIGN can
also recruit the GTPase Ras proteins, which then activate the serine/threonine-protein kinase RAF1.
RAF1 mediates the phosphorylation of the p65 subunit in a Syk-independent manner
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Activation CLRs trigger intracellular signalling through immunoreceptor
tyrosine-based activation motifs (ITAM; consensus sequence YxxL/I) located
inside their cytoplasmic tails or via association with ITAM-bearing FcRγ adaptor
molecules. Phosphorylated ITAMs promote the recruitment of spleen tyrosine (Syk)
kinase (Gringhuis et al. 2009; Kerrigan and Brown 2011), resulting in a phosphoryla-
tion cascade leading to the activation of caspase recruitment domain-containing pro-
tein 9 (CARD9), B-cell lymphoma/leukaemia 10 (BCL-10) and mucosa-associated
lymphoid tissue 1 (MALT1). The resulting complex stimulates transcription factors,
including NF-κB, and results in chemokine and cytokine production. Unexpectedly,
the phosphatase SHP-2 (previously associated with inhibitory receptors) has been
implicated in stabilising Syk signalling necessary to control anti-C. albicans immu-
nity (Deng et al. 2015). Activation of NF-κB can also bemediated by other signalling
pathways that are Syk-independent. For example, activation of some CLRs, includ-
ing Dectin-1 and dendritic cell-specific ICAM-3-grabbing non-integrin (DC-SIGN),
can recruit the GTPase Ras proteins, which then activate the serine/threonine-protein
kinase RAF1. RAF1 mediates the phosphorylation of the p65 subunit of the NF-κB
in a Syk-independent manner (Geijtenbeek and Gringhuis 2009). Ligand recognition
can also drive, in a cell type and receptor-specific manner, phagocytosis, the respira-
tory burst and other cellular responses that do not require transcription and in some
cases are Syk-independent (Drummond et al. 2011; Strasser et al. 2012) (Fig. 1.4).

Inhibitory CLRs signal via an immunoreceptor tyrosine-based inhibition motif
(ITIM; consensus sequence I/V/L/SxYxxI/L/V) within their cytoplasmic tails.When
these receptors are activated by their ligands, tyrosine and inositol phosphatases
including SHP-1, SHP-2 and SHIP, are recruited that inhibit activation pathways,
leading to suppression of cellular responses. Some CLRs like MelLec lack ITAM or
ITIM or other domains with known function and their mechanisms of intracellular
signalling are unknown. This was also thought to be true for the mannose receptor
(MR) but its association with FcRγ chain was recently described (Rajaram et al.
2017).

1.4.1 CLRs in Antifungal Immunity

The essential nature of CLRs in antifungal immunity is highlighted by the fact that
humans (and mice) lacking functional CARD9, the signalling molecule through
which most of the CLRs signal (Fig. 1.4), are extremely susceptible to fungal infec-
tions (Drummond et al. 2011). Moreover, as we will discuss below, polymorphisms
in CLRs are also associated with alterations in human susceptibility to fungal infec-
tion. The major CLRs that play a role in fungal recognition and induction of protec-
tive immunity are Dectin-1 (CLEC7A), Dectin-2 (CLEC6A), MR (CD206), Mincle
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(CLEC4E), DC-SIGN (CD209), MCL/Dectin-3 (CLEC4D) and the recently discov-
ered MelLec (CLEC1A). We will now provide a brief introductory description of
each receptor.

Dectin-1
Dectin-1 belongs to the group V CLRs (Fig. 1.3) and is expressed as several iso-
forms generated by alternative splicing, but primarily as the full-length receptor and
a receptor lacking the stalk region (Brown 2006; Heinsbroek et al. 2006). Dectin-1
is predominantly expressed on myeloid cells, including DCs, macrophages and neu-
trophils and on specific lymphocyte subsets and on B-cells in humans (Brown 2006).
Dectin-1 recognises β-glucans of fungal cell walls in a Ca2+-independent manner
(Brown 2006) but also ligands on mycobacteria (Wagener et al. 2018), Leishma-
nia (Lima-Junior et al. 2017) and invertebrate tropomyosin (Gour et al. 2018). In
addition, this receptor recognises several endogenous ligands, including vimentin
and galectin-9 (Thiagarajan et al. 2013; Daley et al. 2017). Dectin-1 utilises an
ITAM-like motif in its cytoplasmic tail to trigger intracellular signalling through the
Syk/CARD9 pathway, but is also able to trigger several other pathways, including
RAF1 (Fig. 1.4). Dectin-1 signalling requires clustering into a phagocytic synapse,
where regulatory tyrosine phosphatases CD45 and CD148 are excluded. Several
other regulators have also been described, including SHIP-1 (Blanco-Menéndez et al.
2015), and internalisation of ligand baring particles is thought to cause cessation of
signalling (Hernanz-Falcón et al. 2009).

Dectin-1 is involved in inducing or regulating several cellular and immunological
responses. For example, Dectin-1 can induce phagocytosis, the respiratory burst
leading to production of reactive oxygen species (ROS) and regulate NETosis. It can
also induce the production of cytokines and chemokines, and other inflammatory
mediators. Finally, it can regulate the development of Th1 andTh17 adaptive immune
responses (Goodridge et al. 2009; Kerrigan and Brown 2009).

MelLec
MelLec has structure similar to that of Dectin-1 and is part of the group V CLRs
(Fig. 1.3). Unlike other fungal sensing CLRs, murine MelLec is not expressed on
myeloid cells (CD45−) but it is expressed on endothelial (CD31+) cells. Interestingly,
MelLec is also expressed on a novel subpopulation of CD31+ cells that co-express
the epithelial marker (EpCAM+); these double-positive cells (CD31+EpCAM+)were
only found in themouse lung and liver (Stappers et al. 2018). In humans, this receptor
is expressed on endothelial and myeloid cells, including DCs (Colonna et al. 2000;
Sobanov et al. 2001; Sattler et al. 2012). MelLec recognises the naphthalene-diol
unit of 1,8-DHN melanin found in several fungal species, including A. fumigatus
and Fonsecaea pedrosoi. This recognition is specific, as MelLec does not recognise
other melanin biosynthetic pathways, such as L-DOPA melanin synthesised in Can-
dida or Cryptococcus. Despite its structural similarity with Dectin-1, MelLec lacks
conservedmotifs in its cytoplasmic tail and its mechanisms of intracellular signalling
are not yet known.
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Dectin-2
Dectin-2 is a member of the group II of CLRs (Fig. 1.3), and is expressed on tissue
macrophages, DCs, neutrophils, Langerhans cells (LCs) andKupffer cells (Shiokawa
et al. 2017). Dectin-2 recognises mannose-based structures in a Ca2+-dependent
manner but has greatest affinity for high-mannose structures (e.g. Man9GlcNAc2)
(McGreal et al. 2006). Dectin-2 forms a heterodimer with MCL (see later), which
allows optimal ligand recognition (Zhu et al. 2013). Dectin-2 recognises a wide
variety of ligands including numerous fungal species, as well as bacteria (e.g.Mtb),
schistosome egg antigen and house dust mite allergens (HDM) (Ritter et al. 2010;
Parsons et al. 2014; Shiokawa et al. 2017). Dectin-2 lacks a cytoplasmic tail with
signalling domains, but like other receptors in this group, dimerizes with the ITAM-
containing FcRγ chain for surface expression and intracellular signalling (Sato et al.
2006).

Cellular and immunological functions of Dectin-2 include phagocytosis, produc-
tion of cytokines and ROS. Dectin-2 has also been shown to mediate extracellu-
lar trap formation in plasmacytoid DCs (pDCs) in response to Aspergillus hyphae
(Loures et al. 2015). Dectin-2 has been implicated in allergic airway inflamma-
tion, through stimulation of cysteinyl leukotrienes (Barrett et al. 2009). Indeed, mice
lacking Dectin-2 have decreased levels of HDM-mediated Th17 and Th2 cell dif-
ferentiation as well as reduced inflammation of the airways (Plantinga et al. 2013;
Norimoto et al. 2014). This receptor is also involved in mounting protective Th17
and Th1 responses to fungi (Wang et al. 2017).

Mincle
Mincle belongs to the Group II CLRs and is present on macrophages, DCs and neu-
trophils (Williams 2017) (Fig. 1.3). The CRD binds endogenous ligands (SAP130,
sterols and β-glucosylceramides), mycobacterial ligands (such as cord factor, ther-
moduric bacteria) and fungal ligands (e.g. mannosyloxystearyl mannitol, galectin
and β-gentiobiosyl diglycerides). Fungal pathogens recognised by Mincle include
C. albicans, P. jirovecii, Fonsecaea and Malassezia. Mincle expression is enhanced
following stimulation by fungal and microbial components through TLRs signalling
(Patin et al. 2017). Mincle forms a heterotrimeric complex with MCL and FcRγ,
which is required for surface expression, enhances phagocytosis, and stimulates
signalling via the NF-κB pathway (Lobato-Pascual et al. 2013) (Fig. 1.4).

DC-SIGN
DC-SIGN, anothermember of group IICLRs (Fig. 1.3), has eight orthologues inmice
mDC-SIGN, L-SIGN, DC-SIGNR1,2-4 and DC-SIGNR6-8 which differ in structure
and expression patterns (Park et al. 2001; Koppel et al. 2005; Powlesland et al. 2006).
Humans have two orthologues of this receptor: DC-SIGN and liver/lymph node-
specific ICAM-3-grabbing integrin (L-SIGN) (Soilleux et al. 2000; Bashirova et al.
2001). DC-SIGN is mainly present on the surface of immature DCs in peripheral
tissue, mature DCs in lymphoid tissue, and some subsets of macrophages (Koppel
et al. 2005; Krutzik et al. 2005). DC-SIGN recognises mannose structures, such as
galactomannans, in a Ca2+-dependent fashion and recognises a range of endogenous
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ligands and pathogens, including viruses (e.g. HIV, Hepatitis C, Ebola), bacteria
(Mtb), Leishmania and fungi (e.g. C. albicans, Chrysosporium tropicum, A. fumi-
gatus) (Garcia-Vallejo and van Kooyk 2013). DC-SIGN recognises allergens from
peanut, HDM (e.g. Derp1), dog and the Bermuda grass pollen allergen (Salazar
et al. 2013). DC-SIGN possesses several internalisation motifs and signals via RAF1
(Gringhuis et al. 2007) (Fig. 1.4).

Most studies on DC-SIGN have been performed using human cells in vitro.
Through these types of analyses, DC-SIGN has been associated with allergy as
DC-SIGN-deficient DCs biased towards a Th2 cell polarisation in autologous DC-T
cell cocultures (Emara et al. 2012). In addition, DC-SIGN can be cleaved by the
protease allergen Derp1, which could contribute to driving allergic responses (Fur-
monaviciene et al. 2007). The cellular and immunological responses of DC-SIGN
orthologues in mouse models are still to be examined.

Mannose Receptor (MR)
TheMR is part of the group VI CLRs (Fig. 1.3) and can be proteolytically cleaved to
form a soluble version. Interestingly the cleavage of the MR can be induced follow-
ing Dectin-1 signalling (Gazi et al. 2011). This receptor is primarily expressed on
tissue macrophages and some DC subtypes. The CTLDs bind to branched N-linked
mannans in a Ca2+-dependent manner, while the CR and FN-II domains have both
exogenous and endogenous ligands (sulphated carbohydrates found in lymphoid and
kidney tissues and collagen I–IV, respectively) (Martinez-Pomares 2012). The MR
has also been reported to bind to α-1,3-glucan and chitin (Cambi et al. 2008; Romani
2011), and P. jirovecii glycoprotein A (O’Riordan et al. 1995). Other exogenous
ligands of the MR include viruses (HIV, Dengue virus, HBV), bacteria (Mtb, Kleb-
siella, S. pneumonia), allergens (e.g. HDM), parasites (helminths, Trichuris muris)
and fungi (e.g. C. neoformans, P. jirovecii) (Martinez-Pomares 2012). The short
intracellular cytoplasmic tail of the MR has no known signalling motifs, although it
was recently shown to associate with the FcRγ receptor (Rajaram et al. 2017).

The MR has been implicated in endocytosis, phagosomal trafficking, cross pre-
sentation, and promotion of antifungal Th17 responses (van de Veerdonk et al. 2009;
Romani 2011). This receptor is also involved in allergy and asthma as it is required
for allergen-induced Th2 cell polarisation, it is highly expressed in the DCs of aller-
gic patients (Deslée et al. 2002; Royer et al. 2010), and the MR C-type 1 (MRC1)
gene has been identified as a candidate for allergen (Li et al. 2007; Hattori et al.
2009).

1.4.2 CLRs in Immunity to Candida albicans

C. albicans is normally found in the microflora of 30–70% of healthy individuals,
without causing any disease, including the oral cavity, vagina, intestinal mucosa and
skin (Rizzetto et al. 2015). However, C. albicans is also an opportunistic human fun-
gal pathogen when the immune system of the host is compromised. This fungus can
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exist as yeast, hyphae and pseudohyphae (filamentous forms), and morphogenetic
switching is thought to be a virulence factor (Saville et al. 2003; Wächtler et al.
2011). C. albicans can infect oral and vaginal mucosae, skin and nail beds causing
chronic mucocutaneous candidiasis (CMC), which arises due to dysfunction of T
cells.C. albicans can also cause invasive candidiasis upon rupture of the host’s phys-
ical barriers (e.g. skin and gut mucosal barriers) and/or modulation of host immunity.
This pathogen is primarily thought to cross the GI tract allowing dissemination of the
fungus into the bloodstream and deep tissues (Gow et al. 2012). Following Staphy-
lococcus epidermidis and Staphylococcus aureus, invasive candidiasis is the fourth
most common cause of bloodstreamhospital infections. Themortality rate of invasive
candidiasis is 30–40% (Perlroth et al. 2007).

1.4.2.1 Candida Infections and Dectin-2

Dectin-2 has been implicated in anti-Candida immunity. It recognises yeast and
hyphae of C. albicans and plays an important role in driving the stimulation of
cytokines upon C. albicans infection (Sato et al. 2006; Bi et al. 2010; Saijo et al.
2010). In response to infection, Dectin-2 forms heterodimers withMCL, and this het-
erodimeric complex binds to α-mannans more efficiently, leading to the induction of
pro-inflammatory responses (Zhu et al. 2013). Dectin-2 has been found to contribute
slightly to the phagocytosis of C. albicans (Bi et al. 2010) and neutrophils lacking
Dectin-2 produced less ROS, which is critical for the killing of Candida (Ifrim et al.
2014).

1.4.2.2 Candida Infections and MCL

MCL was found to be a critical CLR for recognising and protecting against
C. albicans as MCL−/− mice were susceptible to systemic candidiasis (Zhu et al.
2013). Nothing more is known regarding the role of MCL during Candida infections
in humans.

1.4.2.3 Candida Infections and MR

C. albicans is also sensed by the mannose receptor. Despite the lack of phenotype
in MR KO mice (Lee et al. 2003), the MR was initially recognised as an opsonin-
independent phagocytic receptor able to bind and phagocytose un-opsonisedC. albi-
cans yeast particles (Porcaro et al. 2003) and zymosan particles (Harris et al. 1992).
In contrast, other studies have suggested that the MR is implicated in live C. albi-
cans uptake, it is recruited during phagosome maturation and is involved in cytokine
release, e.g. monocyte chemoattractant protein 1 (MCP-1), TNF and IL-17 (Netea
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et al. 2006; Heinsbroek et al. 2008). No MR SNPs associated with increased suscep-
tibility to Candida infections have been identified in humans. Thus, more studies are
required to decipher the role of MR in protection against C. albicans.

1.4.2.4 Candida Infections and Dectin-1

Themostwell studiedCLRagainstC. albicans infections isDectin-1. It is involved in
recognition and uptake ofC. albicans, and it is able to stimulate ROS and nitric oxide
(NO) production, phagocytosis and cytokine release (e.g. TNF, IL-6) in response to
C. albicans infection in vitro (Drummond and Brown 2011; Pinke et al. 2016).

Dectin-1 has been found to be critical for protecting against systemic C. albicans
infections in the GI tract. This receptor is crucial for activating CD4+-T cell, but not
CD8+-T cell, responses in these tissues (Drummond et al. 2016). Dectin-1 is also
required for the killing of C. albicans and the proper production of cytokines upon
infection in the GI tract (Galès et al. 2010; Vautier et al. 2012). Dectin-1 also plays
a critical role in protecting against candidiasis during inflammatory bowel disease
(IBD) and colitis (Iliev et al. 2012). In humans, a single nucleotide polymorphism in
CLEC7A (rs2078178) is significantly associated with ulcerative colitis (Iliev et al.
2012).

However, the role of Dectin-1 in protection against Candida infections in vivo
depends on the site of infection, and strain of mouse and fungus. Dectin-1 has been
reported to be essential for controlling vaginal and gastrointestinal candidiasis in
C57BL/6 but not BALB/c mice, phenotypes that may be related to the isoforms
of Dectin-1 (full-length Dectin-1A or the stalkless Dectin-1B) predominant in these
mice (Heinsbroek et al. 2006; Carvalho et al. 2012). There are also conflicting reports
describing the importance of Dectin-1 during systemic infection, however this has
been linked to differential adaptations of different fungal strains (Saijo et al. 2007;
Taylor et al. 2007; Netea et al. 2010; Marakalala et al. 2013).

Dectin-1 also appears to be associated with protection against chronic mucocu-
taneous candidiasis (CMC), which is caused by defective production of IL-17 and
IL-22 as well as impaired Th17 cell differentiation. Using a skin mouse infection
model, it was discovered that different morphological forms of C. albicans facili-
tate the development of different T helper responses that are protective for either
systemic or cutaneous infection in a Dectin-1-dependent or independent manner.
Specifically, C. albicans yeasts mediated a protective Th17 response against cuta-
neous infection via Dectin-1 (Kashem et al. 2015). Dectin-1 is crucial for defence
against mucosal C. albicans infection in humans. The Tyr238X Dectin-1 polymor-
phism (completely lacking Dectin-1 surface expression) has been associated with
reduced Th17 responses and increased susceptibility to CMC (Ferwerda et al. 2009).
Indeed, stem cell transplant patients carrying this polymorphism had abrogated IL-1β
production and increased colonisation with Candida (Plantinga et al. 2009).

Dectin-1 has been implicated in the development of liver cirrhosis. Chronic expo-
sure of ethanol in mice led to fungal dysbiosis in the intestine and increased the
translocation of β-glucans into the systemic circulation (Yang et al. 2017). This
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β-glucan induced inflammatory responses in Kupffer cells occurs in a Dectin-1-
dependent manner. Associated phenotypes were also observed in human alcoholic
patients with cirrhosis (Yang et al. 2017).

C. albicans can enter the skeletal tissue, causing osteomyelitis. This infection
is hard to treat and causes significant morbidity (Gamaletsou et al. 2012). It was
recently reported that Dectin-1 might contribute to the resolution of C. albicans
osteomyelitis by inducing Nav1.8-positive-nociceptors, which prevent osteomyelitis
and osteoporosis in response to β-glucan (Maruyama et al. 2017).

Other CLRs that we have not described here that have been implicated in host
defence against C. albicans infections include dendritic cell natural killer lectin
group receptor-1 (DNGR-1; CLEC9A). DNGR-1 was recently found to be required
for controlling systemic C. albicans infection in mice and it reduced tissue damage
by controlling the recruitment of neutrophils to C. albicans infected tissues (Cano
et al. 2018).

1.4.3 CLRs in Immunity to Aspergillus fumigatus

The saprophytic fungus A. fumigatus belongs to the genus Aspergillus that is com-
prisedof about 200 species (Gugnani 2003).Aspergillus species are found indecaying
vegetation and soil, and contribute to a great extent to the recycling of carbon and
nitrogen (Van De Veerdonk et al. 2017). Only a few Aspergillus species cause infec-
tions in humans, with A. fumigatus being the most common. A. fumigatus is very
abundant in the environment, releasing spores (conidia) which are inhaled. It is an
opportunistic pathogen that causes disease in people whose lung function or immune
defences are impaired.About 1–15%of cystic fibrosis (CF) patients and2%of asthma
patients, develop allergic bronchopulmonary aspergillosis (ABPA), a pulmonary dis-
ease caused by hypersensitivity of these patients to antigens of Aspergillus (espe-
cially A. fumigatus). It may also contribute to the pathogenesis of CF (Escobar et al.
2016). In immunocompromised individuals, A. fumigatus hyphae can penetrate pul-
monary tissues causing invasive aspergillosis (IA), which is the most severe disease
caused by Aspergillus spp. (https://www.gaffi.org/why/fungal-disease-frequency/).
Immunocompromised people affected by IA include, hematopoietic stem cell trans-
plant (HSCT) patients, solid-organ (particularly lung) transplantation and people
with genetic immunodeficiencies, e.g. chronic granulomatous disease (CGD) (Den-
ning 1998). Emerging populations that are high in risk for IA are patients admitted
to the intensive care unit (ICU) (up to 7% incidence) and chronic obstructive pul-
monary disease (COPD) patients (Kousha et al. 2011; Schlamm et al. 2013). Despite
the availability of antifungal drugs, mortality rates of IA exceed 50% in neutropenic
patients and reaches 90% in HSCT recipients (Kousha et al. 2011).

https://www.gaffi.org/why/fungal-disease-frequency/
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1.4.3.1 Aspergillus Infections and Dectin-1

Dectin-1 was found to play an important role on human immature dendritic cells
(iDCs) and myeloid DCs (mDCs) during A. fumigatus infection, as inhibition of this
receptor resulted in decreased production of pro-inflammatory cytokines (Mezger
et al. 2008; Hefter et al. 2017). However, the role of Dectin-1 in human pDCs during
A. fumigatus infection is contradictory; this CLR has been shown to facilitate the
uptake and clearance ofA. fumigatus spores by human pDCs (Maldonado et al. 2015),
but it has also been demonstrated that human pDCs recognise A. fumigatus hyphae
via Dectin-2 but not Dectin-1 (Loures et al. 2015). The different results obtained
from the two studies could be attributed to different forms of A. fumigatus and/or
different strains used.

The requirement of Dectin-1 in protection against IA has been demonstrated by
murine studies. For example, Dectin-1−/− mice were susceptible to A. fumigatus
infection as they had increased fungal burdens in their lung and most of them died
within 5 days of infection. There was also a defective recruitment of neutrophils,
uncontrolled growth of A. fumigatus and reduced release of cytokines (e.g. IL-17)
and chemokines in the lungs of Dectin-1−/− mice (Werner et al. 2009). Polymor-
phisms of Dectin-1, including the Dectin-1 TyrY238X polymorphism, have been
linked to susceptibility to IA in transplant patients (Fisher et al. 2017). Indeed, poly-
morphonuclear cells (PMCs) from individuals carrying the polymorphism released
less cytokines such as interferon-γ (IFNγ) (Cunha et al. 2010; Chai et al. 2011).

As mentioned earlier, exposure to A. fumigatus increases the severity of asthma
in patients. Although Dectin-1 has been explored in asthma, its role is still unclear.
Dectin-1 has been found to provide lung protection in mice via IL-22 (a cytokine
highly increased in asthmatic patients) against A. fumigatus at early innate responses
(Gessner et al. 2012). However, following chronic fungal exposure, this CLR might
also enhance lung inflammation via release of this cytokine (Lilly et al. 2012). Further
investigation is thus needed to identify the role of Dectin-1 in asthma.

Aspergillus species can also cause a disease of the cornea known as fungal ker-
atitis, which can lead to severe visual defects and blindness in immunocompromised
individuals. Dectin-1 has been found to play a role in this disease; it is involved in reg-
ulating neutrophil recruitment, release of IL-1β and other cytokines (e.g. CXCL1),
and A. fumigatus killing (Leal et al. 2010; Xu et al. 2015; Yuan et al. 2017).

1.4.3.2 Aspergillus Infections and Dectin-2

Recently, Dectin-2, Dectin-1 (in an isoform specific manner) andMincle were found
to be important in the clearance ofA. fumigatus from the lung ofCF patients; cleavage
of these three CLRs by neutrophil elastase (NE) (which is upregulated in the lungs
of CF patients) and/or A. fumigatus-derived proteases, led to impaired antifungal
protection, which might be also contributing to disease development in these patients
(Griffiths et al. 2018). In a model of A. fumigatus keratitis, Dectin-2 enhanced the
expression of IL-17RC onmurine and human neutrophils (Taylor et al. 2014). Lastly,
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Dectin-2 is also expressed in the lungs of patients with IA or ABPA, where it might
be collaborating with the MR (Sun et al. 2013).

1.4.3.3 Aspergillus Infections and MR

Themannose receptor plays a role in protection againstA. fumigatus in humancorneal
epithelial cells (HCECs) as upon stimulation of these cells with A. fumigatus, the
mRNA and protein expression levels of the MR were upregulated, and this CLR was
found to be required for inducing the production of inflammatory cytokines by these
cells (Wang et al. 2016). No human polymorphisms inMR have been associated with
infection, nor are there published studies examining the impact of MR-deficiency in
mouse models.

1.4.3.4 Aspergillus Infections and DC-SIGN

A. fumigatus is also recognised by DC-SIGN, and although limited studies have been
carried out, this receptor is able to directly mediate the phagocytosis of conidia in
IL-4 treated macrophages and monocyte derived (MD)-DCs (Serrano-Gomez et al.
2004). Similarly, DCs overexpressing DC-SIGN phagocytosed A. fumigatus more
effectively and produced higher levels of Th1 cytokines (Li et al. 2018). Interest-
ingly, this receptor appears to recognise live but not heat-killed A. fumigatus conidia
(Serrano-Gómez et al. 2005). Some DC-SIGN (rs4804800, rs11465384, rs7248637
and rs7252229) polymorphisms are associated with an elevated risk of developing
IA, but this requires validation (Sainz et al. 2012). No studies in mouse models have
been conducted so far.

1.4.3.5 Aspergillus Infections and MelLec

The novel CLR, MelLec, recognises melanized A. fumigatus conidia and provides
protection against disseminated A. fumigatus infection. Mice lacking this receptor
had impaired cytokine production (IL-1β, CCL2 and KC) and elevated fungal loads
and were more susceptible to infection. A missense single nucleotide polymorphism
(Gly26Ala) in the cytoplasmic tail of human MelLec is associated with reduced IL-
8 and IL-1β cytokine release from macrophages, and stem cell transplant patients
carrying this polymorphism were more susceptible to disseminated A. fumigatus
infection (Stappers et al. 2018).
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1.4.4 CLRs in Immunity to Cryptococcus neoformans

C. neoformans is an encapsulated, basidiomycete fungus that is typically found in
trees, soil and pigeon droppings. It is a human pathogen responsible for causing
cryptococcosis and cryptococcal meningitis. This fungus has three serotypes (A,
D and AD) and two varieties (C. neoformans variety grubii (serotype A) and C.
neoformans variety neoformans (serotype D)), which are found in different geo-
graphic regions and have different virulence factors to infect humans (Hagen et al.
2015). C. neoformans can form titan cells during infection and due to their gigan-
tic size, their clearance by phagocytes is impossible. These cells help the fungus
to survive and spread throughout the central nervous system (CNS), and they also
exhibit increased resistance to drugs (Zaragoza et al. 2010). Cryptococcosis occurs
after inhalation of desiccated yeast cells or spores into the lungs, where they pro-
liferate and disseminate to the CNS, causing meningoencephalitis (Buchanan and
Murphy 1998). Spores can also infect the kidneys and liver (Perfect 2005). Crypto-
coccosis mainly affects immunocompromised persons, such as HIV infected patients
(Idnurm et al. 2005; Hagen et al. 2015). Globally about 220,000 million crypto-
coccosis cases occur among HIV patients worldwide each year, with the majority
occurring in sub-Saharan Africa, leading to 181,000 deaths (https://www.cdc.gov/
fungal/diseases/cryptococcosis-neoformans/statistics.html). Failure to treat disease
of the CNS is fatal in 100% of cases (Buchanan and Murphy 1998).

Very little is known regarding the roles of CLRs in protection against this fungus,
and sometimes the results of different studies are contradictory. Thus, more research
is required to understand how Cryptococcus is recognised by our innate immune
system.

1.4.4.1 Cryptococcus Infections and Dectin-1

The role of Dectin-1 in protection against cryptococcosis has been debated. This
CLR was found to be redundant for providing protection against C. neoformans, as
mice lacking Dectin-1 were not susceptible to C. neoformans infection (Nakamura
et al. 2007). Spores of C. neoformans expose β-glucan and have been found to be
taken up by alveolarmacrophages via an interactionwithDectin-1 (Giles et al. 2009).
However, it was later reported that Dectin-1 is not necessary for the phagocytosis
of C. neoformans spores (Walsh et al. 2017). Finally, a recent study showed that
Dectin-1 together with Dectin-2 facilitates the uptake of C. neoformans (Lim et al.
2018).

https://www.cdc.gov/fungal/diseases/cryptococcosis-neoformans/statistics.html
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1.4.4.2 Cryptococcus Infections and Dectin-2

In vitro experiments have indicated a role for Dectin-2 in inflammatory responses
to Cryptococcus, as cells lacking Dectin-2 released significantly less TNF and IL-
12. However, in mice, Dectin-2 appears to play a minor role during infection, as
inflammatory responses and susceptibility to infectionwere unaltered, although there
were slight alterations in terms of increased Th2 responses and increased production
of mucin (glycoprotein component of the mucous) (Nakamura et al. 2015).

1.4.4.3 Cryptococcus Infections and MR

The mannose receptor is required for host defence in cryptococcosis; this CLR is
necessary for binding and phagocytosis of C. neoformans by DCs (Syme et al. 2002)
but it is redundant for the uptake of mannoproteins upon infection (Dan et al. 2008).
MR−/−mice exhibited increased susceptibility to pulmonaryC. neoformans infection
and had high fungal burdens in their lung. Furthermore, during infection, the MR
is required for the development of mannoprotein-dependent CD4+-T cell responses
(Dan et al. 2008).

1.4.4.4 Cryptococcus Infections and MCL

Contradictory results have been obtained regarding the role ofMCLduringC. neofor-
mans infections. MCL recognises glucuronoxylomannan (GXM), which is the main
component of Cryptococcus capsule, and mediates the release of pro-inflammatory
cytokines by C. neoformans infected bone marrow derived macrophages (BMDMs)
(Huang et al. 2018). However,MCL−/− macrophages andDCswere able to phagocy-
toseC. neoformans in vitro. In addition, no differenceswere observed in survival rate,
cytokine release and leukocyte recruitment between wild-type and MCL−/− mice in
response to pulmonary infection with serotype A or serotype D strains of C. neofor-
mans, suggesting that MCL is not required for host protection against cryptococcosis
(Campuzano et al. 2017). In contrast, a recent report describes increased suscepti-
bility in MCL−/− mice upon infection with serotype AD (hybrid) of C. neoformans
(Huang et al. 2018). Thus, the impact of MCL deficiency may differ depending on
the serotype of C. neoformans.

1.4.5 CLRs in Immunity to Pneumocystis jirovecii

P. jirovecii is an opportunistic ascomycetous fungus that causes life-threatening pneu-
monia. This fungus is not a human commensal. As it can only grow inside the host
lung, culture conditions have not been found so far, making it difficult/impossible
to grow P. jirovecii in vitro (Thomas and Limper 2004). About 20% of healthy



20 C. Nikolakopoulou et al.

individuals get this fungus, which does not cause any disease and it is effectively
controlled by the immune system (Medrano et al. 2005). P. jirovecii causes disease
in immunocompromised patients, especially those with low count of CD4+-T cells
(Phair et al. 1990); thus, 40% of immunocompromised people who develop Pneumo-
cystis pneumonia are HIV patients. The mortality rate of Pneumocystis pneumonia
ranges between 30–60% in immunocompromised patients, and 10–20% among HIV
patients (Thomas and Limper 2004).

Very little information is available regarding the role of CLRs in Pneumocystis
infection, e.g. nothing is known about the role ofMCL, and some of the CLRs known
to recognise this fungus are redundant; more research is necessary to fully understand
the innate recognition of this fungus.

1.4.5.1 Pneumocystis Infections and MR

One of the first CLRs described to recognise P. jirovecii was the MR (Ezekowitz
et al. 1991) as it bound to gpA (O’Riordan et al. 1995), and this CLR was shown
to be sufficient to induce the phagocytosis of P. jirovecii (Ezekowitz et al. 1991).
Also, alveolar macrophages (AMs) (first immune cells responsible for the killing of
P. jirovecii in the lung) from HIV patients were less efficient in binding and killing
P. murina (a mice-associated species) as the MR was downregulated on these cells
(Koziel et al. 1998). A soluble MR immuno-adhesin (sMR-Fc) has been generated
which binds to P. jirovecii, it participates in phagocytosis via its Fc-portion and aug-
ments the phagocytosis of P. jirovecii by human polymorphonuclear cells (Stehle
et al. 2000). However, Pneumocystis promotes the cleavage of the MR from AMs,
releasing the sMR; because sMR binds to the organisms in the alveoli, the non-
opsonic phagocytosis of this receptor is impeded (Fraser et al. 2000). Notably, one
of the mechanisms that Pneumocystis has developed to evade immune killing is the
release of its gpA, which competes for the MR on the surface of AMs preventing
phagocytosis (Lasbury et al. 2004). In vivo studies demonstrated that more phago-
cytes were recruited into the alveoli of MR−/− mice during infection with P. murina
but did not develop any signs of disease (Swain et al. 2003).

1.4.5.2 Pneumocystis Infections and Dectin-1

Dectin-1 contributes to protection against P. jirovecii. In vitro experiments have
shown that cysts of P. jirovecii are recognised by Dectin-1, facilitating uptake and
clearance by AMs. Indeed, overexpression of Dectin-1 in macrophages enhanced
binding to this fungus (Steele et al. 2003). In vivo, Dectin-1−/− mice exhibited high
susceptibility and displayed impaired generation of ROS in response toPneumocystis
lung infection. However, no differences were observed in cytokine release between
Dectin-1−/− and wild-type mice (Saijo et al. 2007).
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1.4.5.3 Pneumocystis Infections and Mincle

Mincle was recently found to be able to recognise P. murina (Kottom et al. 2017).
Overexpression of Mincle in mouse macrophages enhanced their binding to this fun-
gus and increased the phosphorylation of Syk kinase. Mincle−/− mice had impaired
cytokine production in their lungs and decreased killing ability. However, the sus-
ceptibility of these mice was not altered during infection. Mincle−/− mice lacking
CD4 succumbed to P. murina infection faster than wild-type mice lacking CD4.
Thus, Mincle is required for the induction of host responses against Pneumocystis in
immunosuppressed mice. Notably, Mincle may regulate expression of other CLRs
including Dectin-1, Dectin-2 andMCL during Pneumocystis infection (Kottom et al.
2017).

1.4.5.4 Pneumocystis Infections and Dectin-2

Dectin-2might also be required for host defence againstP. jirovecii asAMs frommice
lacking this receptor could not trigger Syk kinase and they produced significantly
lower levels of TNF and IL-6. However, Dectin-2 may not be required for protection
against Pneumocystis in immunosuppressed mice as Dectin-2−/− mice lacking CD4
were not susceptible to Pneumocystis infection (Kottom et al. 2018).

1.5 Conclusion and Future Directions

CLRs are critical for the protection against fungal infection. Although we have
learned a great deal about the roles and functions of CLRs in antifungal immu-
nity in general, there is much we still do not understand about their roles during
infection with specific pathogens. Moreover, we are also just starting to understand
the mechanisms that fungal pathogens have developed to escape recognition by these
receptors. For example, fungi can alter their morphology and cell wall composition,
as well as mask key components, such as β-glucan. A greater understanding of how
CLRs mediate responses to fungal pathogens offers great promise for the develop-
ment of new diagnostic tools, vaccines and immunotherapies, which are desperately
needed to combat these devastating infections.
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Chapter 2
Immune Recognition
of Pathogen-Derived Glycolipids
Through Mincle

Yasunobu Miyake and Sho Yamasaki

Abstract Mincle (macrophage inducible C-type lectin, Clec4e, Clecsf9) was orig-
inally identified as a member of the C-type lectin receptor family in 1999. Then, the
function of Mincle to control antifungal immunity by binding to Candida albicans
was reported in 2008. Around the same time, it was reported that Mincle recognized
damaged cells and induced sterile inflammation by coupling with the ITAM-adaptor
molecule FcRγ. In the following year, a breakthrough discovery reported thatMincle
was an essential receptor for mycobacterial cord factor (trehalose-6,6′-dimycolate,
TDM). Mincle gained increasing attention immediately after this critical finding.
Although our understanding of the recognition of Mycobacteria has been advanced
significantly, it was also revealed that Mincle interacts with pathogens other than
Mycobacteria. In addition, endogenous ligands of Mincle were identified recently.
Therefore, Mincle is now considered a danger receptor both for self and non-self
ligands, so-called damage-associated molecular patterns (DAMPs) and pathogen-
associated molecular patterns (PAMPs). This chapter will give an overview of the
accumulated knowledge of the multi-task danger receptor Mincle from its discovery
to the latest findings.
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2.1 Introduction

Mincle was originally identified as a transcriptional target of NF-IL6 (C/EBPβ)
in murine peritoneal macrophages following stimulation with lipopolysaccharide
plus interferon (IFN)-γ (Matsumoto et al. 1999). The Mincle gene was mapped to
murine chromosome 6F2 and human chromosome 12p13 in the antigen presenting
cell lectin-like receptor gene complex (APLEC) locus,which consists of evolutionary
conserved lectin receptors including macrophage C-type lectin (MCL, clec4d), den-
dritic cell-associated C-type lectin-2 (Dectin-2, clec6a) and dendritic cell immunore-
ceptor (DCIR, clec4a) (Flornes et al. 2004). The 5′-flanking region ofMincle contains
a number of potential binding sites for various transcription factors includingNF-IL6
and NF-κB. Consistently, the mRNA expression of Mincle is robustly upregulated
after exposure to various stimuli such as inflammatory cytokines and Toll-like recep-
tor (TLR) ligands despite its negligible expression under steady-state conditions.
Mincle ligands also upregulate Mincle expression through an NF-IL/NF-κB depen-
dent auto-amplification loop (Zhang et al. 2014; Schoenen et al. 2014). In contrast,
IL-4 downregulates Mincle expression in a STAT6-dependent manner in mouse and
human antigen presenting cells (Hupfer et al. 2016). Mincle is a single-pass type
II transmembrane protein with a typical Ca2+-dependent carbohydrate-recognition
domain (CRD) (Weis et al. 1998) in its extracellular region and thus belongs to the
C-type lectin receptor (CLR) family. Mincle is mainly expressed on myeloid cell
lineages including macrophages (Yamasaki et al. 2008), monocytes (Vijayan et al.
2012), neutrophils (Schoenen et al. 2010) and dendritic cells (Miyake et al. 2013).
It was also reported that nonmyeloid cells such as B cells (Kawata et al. 2012) and
microglia cells (Xie et al. 2017) express Mincle.

2.2 Downstream Signals of Mincle

2.2.1 Inflammatory Signals

Although no typical signaling motif has been found in the cytoplasmic region of
Mincle, it has potential serine-threonine phosphorylation sites. Deletion of this cyto-
plasmic portion has no impact on the signaling capacity of Mincle, suggesting that
Mincle by itself has no potential for signal transduction. Instead, Mincle is con-
stitutively associated with a signal adaptor molecule, Fc receptor γ chain (FcRγ),
which possesses an immunoreceptor tyrosine-based activation motif (ITAM) in its
cytoplasmic region (Yamasaki et al. 2008). A positively charged arginine residue in
the transmembrane region of Mincle mediates the interaction with FcRγ. This inter-
action is specific because Mincle does not bind to other ITAM-adaptor molecules
such as DAP12 and CD3ζ. Upon ligand binding to Mincle, Src-family kinases phos-
phorylate the tyrosine residues of the ITAM sequence of FcRγ, followed by the
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recruitment of spleen tyrosine kinase (Syk) and activation of a downstream signal-
ing cascade including PLCγ, PKCδ, CARD9/Bcl-10/MALT1 and IKKs (Fig. 2.1).
Finally, the transcription factor NF-κB is activated and proinflammatory cytokines
and chemokines such as TNF-α, MIP-2 (CXCL2), KC (CXCL1) and IL-6 are pro-
duced. This is a major signaling pathway of Mincle leading to both the activation
of host immunity against infection and the induction of sterile inflammation during
endogenous danger such as tissue damage.

2.2.2 Anti-inflammatory Signals

In addition to its proinflammatory role, Mincle also transduces negative signals in
several settings (Fig. 2.1). The engagement of Mincle by TDM or M. bovis BCG
promotes IL-10 production in bone marrow-derived macrophages (BMDMs), which
downregulates IL-12p40 secretion (Patin et al. 2016). The siRNA mediated knock-
down of Mincle in human macrophages downregulated IL-10 production during
Helicobacter pylori infection in vitro (Devi et al. 2015). In contrast, it was reported
that TDM has negligible potency to produce IL-10 and that the lipoarabinoman-
nan (LAM)/Dectin-2 axis has a crucial role in IL-10 production in bone marrow-
derived dendritic cells (BMDCs) following mycobacterial stimulation (Yonekawa
et al. 2014). Mincle inhibits IL-1β production through the iNOS-dependent nitro-
sylation of the NLRP3 inflammasome, and thus contributes to the resolution of
TDM-induced granuloma formation (Lee WB. et al. Mincle-mediated translational
regulation is required for strong nitric oxide production and inflammation resolution.
Nat Commun 2016). TDM delays phagosome fusion with lysosomes and thus pro-
motes the survival of mycobacteria inside host macrophages (Indrigo et al. 2003).
TDM interferes with FcγR-mediated phagosome maturation through SHP-1 (Patin
2017). TLR4 signaling is suppressed by Mincle through two distinct mechanisms
(Greco et al. 2016). Mincle negatively regulates expression of the TLR co-receptor
CD14 in a SOCS1-dependent manner. Additionally, Mincle is responsible for the
A20/ABIN3-dependent degradation of TRAF6 and Mal that are downstream signal-
ingmolecules ofTLR4.Mincle inhibits the apoptosis of neutrophils andmacrophages
by suppressing the expression of apoptosis-related molecules such as Fas, Fas ligand
and caspase-3 in Aspergillus fumigatus-induced keratitis (Lin et al. 2017). In addi-
tion, the antibody neutralization of Mincle exacerbated fungal keratitis induced by
A. fumigatus (Yu et al. 2018).



34 Y. Miyake and S. Yamasaki

F
ig
.2
.1

D
ow

ns
tr
ea
m

si
gn

al
s
of

M
in
cl
e



2 Immune Recognition of Pathogen-Derived Glycolipids Through Mincle 35

2.2.3 Inhibition of Mincle Signaling

Integrin CD11b is a negative regulator of TDM-induced Mincle signaling (Zhang
et al. 2018). Activated CD11b recruits Lyn, SIRPα and SHP1, which dephosphory-
late Syk to inhibitMincle-mediated inflammation. SAP130 is released from hypoxia-
treated neurons to activate microglial Mincle, which induces inflammation. Interest-
ingly, human serum albumin binds to and masksMincle, which attenuates microglial
inflammatory responses (Xie et al. 2017). Some plant flavonoids suppress Mincle
signaling. For example, Glycyrrhiza uralensis is a herbal medicine with multiple
biological effects including anti-allergic, antiangiogenesis, and antitumor growth
activities. Isoliquiritigenin derived fromG. uralensis inhibited theMincle-stimulated
expression of fibrosis-related genes in a stromal vascular fraction isolated from obese
adipose tissue and macrophages (Watanabe et al. 2016). Sophora flavescens is a
traditional Chinese medicine that exhibits bactericidal activity against Mycobac-
terium tuberculosis (MTB). Furthermore, alkaloid-free flavonoid extracts from S.
flavescens suppressed proinflammatorymediators released frommouse lung alveolar
macrophages following stimulation with TDM (Liu et al. 2018). The oral adminis-
tration of these flavonoids suppresses inflammation and granuloma formation in the
lung following TDM administration in vivo.

2.3 Mincle Senses PAMPs

Mincle recognizes a wide variety of PAMPs and DAMPs and mediates physiological
and pathological processes in our body (Table 2.1).

2.3.1 Mycobacteria

Tuberculosis, once termed consumption, is a fatal infectious disease caused byMTB.
Mincle recognizes Mycobacteria including MTB,M. bovis BCG andM. smegmatis
(Ishikawa et al. 2009). The mycobacterial cell wall contains various unique com-
ponents that are recognized by host immune receptors such as TLRs, CLRs and
scavenger receptors (Stamm et al. 2015). One well-studied component is TDM,
which is abundant on the cell surface of mycobacteria. TDM is a trehalose ester
with two mycolic acids, a unique very long chain fatty acid of mycobacteria, which
possesses strong immunostimulatory and granuloma-inducing capacities (Ryll et al.
2001). Mincle is a dominant receptor for TDM because TDM-induced inflamma-
tory responses including the robust production of proinflammatory mediators and
lung granuloma formation disappear in Mincle-deficient mice (Ishikawa et al. 2009;
Schoenen et al. 2010). However, Mincle has a dispensable role in the uptake of TDM
or TDM-coated particles by macrophages (Kodar et al. 2015). Furthermore, Mincle
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Table 2.1 Mincle ligands

Origin Ligand Function References

Non-self Bacteria Mycobacterium
spp.

TDM (trehalose
dimycolate)

Inflammation Ishikawa et al.
(2009)

TMM (trehalose
monomycolate)

Inflammation Ishikawa et al.
(2009) and
Stocker et al.
(2014)

GroMM (glycerol
monomycolate)

Inflammation Hattori et al.
(2011)

GMM (glucose
monomycolate)

Inflammation Matsunaga
et al. (2008)

β-gentiobiosyl diglyceride Inflammation Richardson
et al. (2015)

Corynebacterium
spp.

Corynomycolic
acid-containing
glycolipids

Inflammation Van der Peet
et al. (2015)

Streptococcus
pneumoniae

α-Glucosyl-diacylglycerol Inflammation Behler-Janbeck
et al. (2016)

Lactobacillus
plantarum

Inflammation Schick et al.
(2017)

Nonomuraea spp. Brartemicin Inflammation Jacobsen et al.
(2015)

Tannerella
forsythia

S-layer Inflammation Chinthamani
et al. (2017)

Fungi Candida albicans ? Inflammation Bugarcic et al.
(2008), Wells
et al. (2008)

Malassezia spp. Gentiobiosyl-glycerol
Mannosyl fatty acids
containing mannitol

Inflammation Yamasaki et al.
(2009) and
Ishikawa et al.
(2013)

(continued)

is unlikely to act as an endocytic receptor because no internalization signals have
been identified to date.

Mincle also recognizes TDM-related glycolipids. A series of synthetic TDM ana-
logueswith symmetrically shortened acyl chains also bind toMincle to induceG-CSF
and NO production in macrophages (Huber et al. 2016). Therefore, Mincle might
also function as an adjuvant (Kallerup et al. 2015). Trehalosemonomycolate (TMM),
a precursor of TDM biosynthesis, is weakly associated with Mincle (Ishikawa et al.
2009; Stocker et al. 2014). Trehalose monoesters and diesters with a blanched acyl
chain show altered ligand activity on human and murine Mincle (Bird et al. 2018).
Mycobacteria converts the biosynthetic pathway from TDM into glucose monomy-
colate (GMM) in the host cell environment (Matsunaga et al. 2008) and Mincle also
recognizes GMM (Decout et al. 2017). Arabinose monomycolate (AraMM), a minor
component of the mycobacterial cell wall, is recognized by Mincle, but to a lesser
degree compared with TMM and GMM (Tima et al. 2017). Glycerol monomyco-
late (GroMM) is anothermycolate-containing glycolipid derived frommycobacteria.
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Table 2.1 (continued)

Origin Ligand Function References

Fonsecaea spp. ? Anti-inflammation Wevers et al.
(2014)

Inflammation Sousa et al.
(2011)

Pneumocystis
carinii

Major surface
glycoprotein

Inflammation Kottom et al.
(2017)

Parasite Leishmania major Unidentified soluble
factor

Anti-inflammation Iborra et al.
(2016)

Synthesis TDB (trehalose
dibehenate)

Inflammation Ishikawa et al.
(2009)

GroMB (glycerol
monobehenate)

Inflammation Hattori et al.
(2014)

Trehalose mono/diesters Inflammation Bird et al.
(2018)

AraMM (arabinose
monomycolates)

Inflammation Tima et al.
(2017)

Self Damaged cells SAP130 Inflammation Yamasaki et al.
(2008)

β-glucosylceramide Inflammation Nagata et al.
(2017)

Liver Cholesterol crystal Inflammation Kiyotake et al.
(2015)

Skin Cholesterol sulfate Inflammation Kostarnoy
et al. (2017)

Serum Human serum albumin Anti-inflammation Kawata et al.
(2012)

Given that glycerol is abundant in host cells, mycobacteria utilize host glycerol to
produce GroMM during the course of infections (Hattori et al. 2011). Interestingly,
human but not murine Mincle recognizes GroMM and the synthetic analogue glyc-
erol monobehenate (GroMB) (Hattori et al. 2014). Consistently, GroMM liposome
treatment has no impact onWTmice, although it induced skin inflammation in human
Mincle Tgmice.Mycobacteria produce awide range of immunogenic β-gentiobiosyl
diglycerides that are weakly recognized by murine Mincle but not human Mincle
(Richardson et al. 2015). Glycan array analysis of major carbohydrate structures on
the cell wall of mycobacteria confirmed that Mincle has a unique binding specificity
that is exclusive to trehalose-containing structures such as TDM (Zheng et al. 2017).

Trehalose dibehenate (TDB) is a synthetic analogue of TDM with shorter acyl
chains designed as a vaccine adjuvant (Pimm et al. 1979). Stimulation of BMDCs
with TDB induced Nlrp3 inflammasome-dependent IL-1β secretion (Schweneker
et al. 2013). Although CARD9 is required for NF-κB activation by TDB, it is dis-
pensable for the TDB-induced activation of the Nlrp3 inflammasome. Additionally,
the efflux of intracellular potassium, lysosomal rupture, and oxygen radical (ROS)
production are crucial for caspase-1 processing and IL-1β secretion by TDB. In addi-
tion, TDB is a strong activator of granulocyte macrophage colony-stimulating factor
(GM-CSF) derived BMDMs but is less effective for macrophage colony-stimulating
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factor (M-CSF)/IL-4 derived BMDMs, suggesting that TDB differentially regulates
M1- andM2-like macrophages (Kodar et al. 2017). Mincle is induced specifically on
M1 macrophages, where Mincle-Syk signaling promotes and maintains the inflam-
matory phenotype of M1 macrophages. The adaptive transfer of Mincle-expressing
M1 macrophages promoted cisplatin-induced renal inflammation, which was pre-
vented by the knockdown of Mincle (Lv et al. 2017). TDB enhances Th2 cytokine
production in RBL-2H3 cells suggesting the Mincle/TDB axis is involved in mast
cell activation (Honjoh et al. 2017). Indeed, Mincle is expressed on primary isolated
human mast cells (Ma et al. 2011).

Several groups reported the contribution of Mincle in host defense against
mycobacterial infection in vivo; however these results are complicated and are not
always consistent between studies (Lee et al. 2012; Behler et al. 2012; Heitmann et al.
2013; Behler et al. 2015) (Table 2.2). Different experimental conditions, including
mycobacterial strain, infection route/dose and analysis tissue, may affect the results
of these previous studies. Bacterial clearance and inflammatory responses are com-
promised to varying degrees in Mincle-deficient mice suggesting the importance of
Mincle in host defense against mycobacterial infection. Nevertheless, these defects
are not so severe in all cases. Other receptors such as TLRs, scavenger receptors
and other CLRs also contribute to host defense against mycobacteria (Stamm et al.
2015).

Multiple C-type lectin receptors, which share high homology with Mincle, are
clustered in the vicinity of the Mincle gene locus and are part of the Dectin-2 fam-
ily (Fig. 2.2) (Kerscher et al. 2013). Some of these receptors are involved in host
defense against mycobacteria. Mincle and MCL cooperatively recognize TDM and
induce host immune responses and granuloma formation (see Sect. 2.6) (Miyake
et al. 2013). Dectin-2 binds tomannose-capped LAMand controls antimycobacterial
host immune responses through the production of both pro- and anti-inflammatory
cytokines (Yonekawa et al. 2014). Phosphatidyl-inositol mannosides (PIMs) rec-
ognized by dendritic cell immunoactivating receptors (DCAR, clec4b1) expressed
on monocyte-derived inflammatory cells induce chemokine production to promote
Th1 responses (Toyonaga et al. 2016), although a human homologue of DCAR has
not been identified to date. DCIR deficiency impairs STAT1-mediated type I IFN
signaling in dendritic cells, leading to enhanced host immune responses against
mycobacteria (Troegeler et al. 2017). Furthermore, DCIR may suppress excessive
inflammation and prevent tissue damage during mycobacterial infection. Although
direct interactions between DCIR and mycobacteria have not been demonstrated, it
was reported that DCIR weakly interacted with PIMs (Toyonaga et al. 2016). Taken
together, Mincle, MCL Dectin-2 and DCAR form a “mycobacterial receptor clus-
ter”, which sense distinct ligands on the mycobacterial cell wall both independently
and cooperatively to trigger various types of host immune responses. Our immune
system has acquired thesemycobacterial receptors by gene duplication through long-
standing struggles against mycobacteria. Other Dectin-2 family receptors may also
be involved in the recognition of mycobacteria.
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2.3.2 Other Bacteria

Mincle also recognizes pathogenic bacteria other than mycobacteria and is involved
in contributing to host defense against these infections.

Streptococcus pneumoniae is a gram-positive bacterium that causes pneumonia,
sepsis and meningitis. Binding analysis using a library of recombinantly expressed
CLR-Fc fusion proteins showed that Mincle specifically binds to S. pneumonia in
a serotype dependent manner (Rabes et al. 2015). α-glucosyl-diacylglycerol (αGlc-
DAG) is a ligand of Mincle in S. pneumoniae (Behler-Janbeck et al. 2016). Purified
αGlc-DAG induced inflammatory cytokine release by alveolar macrophages from
WT but not Mincle KO mice. Mincle deficiency in mice challenged with serotype
19F S. pneumoniae led to increased bacterial loads and decreased survival together
with strongly dysregulated cytokine responses (Behler-Janbeck et al. 2016). How-
ever, Mincle deficiency does not influence the inflammatory responses of alveolar
macrophages and bacterial clearance during infection with serotype 2 and 3 S. pneu-
moniae, even though Mincle binds to both serotypes (Rabes et al. 2015; Behler-
Janbeck et al. 2016). Taken together, Mincle contributes to host defense against S.
pneumoniae in a serotype dependent manner. The gram-positive nonpathogenic bac-
terium Lactobacillus plantarum, commonly found in fermented food products, also
produces α-glucosyl diglyceride, termed GL-1 and Mincle recognizes synthetic GL-
1 and its derivatives (Schick et al. 2017). Direct interactions between Mincle and
Lactobacillus plantarum have not been reported to date.

Klebsiella pneumoniae is an anaerobic, gram-negative bacterium indigenous to
the oral cavity and intestinal tract; however, it often causes severe respiratory and
urinary tract infections. Mincle-deficient mice showed delayed bacterial clearance
and compromised host defense including inflammatory cytokine production, phago-
cytosis of bacteria and the formation of neutrophil extracellular traps (NETs) during
infection by K. pneumoniae (Sharma et al. 2014). Mincle-mediated NETs formation
by regulating autophagy but not ROS generation (Sharma et al. 2017). The direct
ligand of Mincle in K. pneumoniae is still unknown.

Tannerella forsythia is an anaerobic, gram-negative bacterium in the oral cavity
that is associated with the development of periodontal disease. Mincle binds to the S-
layer of T. forsythia (Chinthamani et al. 2017), which is a monolayer structure of the
cell envelope commonly found in bacteria. It is composed of identical glycoproteins;
however, S-layer proteins are not conserved and vary between species. Thus, it is
unclear whether Mincle recognizes the S-layer of other species. T. forsythia is the
only gram-negative bacterium to possess an O-glycosylated S-layer. Mincle/S-layer
interactions are required to induce both pro- and anti-inflammatory cytokine secretion
in differentiated THP-1 cells stimulated with T. forsythia as well as its S-layer.

Corynebacterium spp. belong to the orderCorynebacterineae aswell asMycobac-
terium spp. and contain corynomycolic acid, a shorter form of mycolic acid.
Mincle recognizes corynomycolic acid-containing glycolipids (Van der Peet et al.
2015). G-CSF production induced by Corynebacterium spp. was compromised in
Mincle-deficient macrophages (Shah et al. 2016).
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Brartemicin is a natural product isolated from actinomycete of the genus Nono-
muraea that was reported to inhibit cancer cell invasion (Igarashi et al. 2009).
Structurally, brartemicin has a doubly esterified α,α-trehalose core similar to TDM.
Brartemicin and its related-analogues are high affinity ligands of Mincle (Jacobsen
et al. 2015) and lipidated bratemicin functions as an adjuvant by activating antigen
presenting cells (Foster et al. 2018).

2.3.3 Fungi

Candida albicans is a commensal fungus present on the skin and in mucosal tissues
that causes candidiasis during immunosuppressive conditions. Mincle binds to C.
albicans via an unknown ligand (Bugarcic et al. 2008) and promotes TNF produc-
tion and bacterial clearance after C. albicans challenge (Wells et al. 2008). Mincle
expression on human peripheral blood neutrophils was associated with phagocytosis
and yeast killing activity (Vijayan et al. 2012). In contrast, Mincle expression on
peripheral blood monocytes was inversely correlated with candidacidal activity but
was necessary for the induction of inflammatory cytokines upon Candida challenge.

Malassezia spp. causes skin infections in humans and dogs and is associated with
the disease incidence and severity of atopic dermatitis and acne. Mincle broadly
recognizes Malassezia spp. such as M. pachydermatis, M. japonica, M. slooffiae,
and M. furfur (Yamasaki et al. 2009). Two unique glycolipids were identified as
Mincle ligands, gentiobiosyl-glycerol and mannosyl fatty acids containing mannitol
(Ishikawa et al. 2013). These glycolipids induce Mincle-dependent TNF-α produc-
tion in macrophages and have adjuvant activity that induces Th1/Th17 responses.
Mincle-deficient mice showed decreased proinflammatory responses against M.
pachydermatis (Yamasaki et al. 2009).

Pneumocystis carinii causes pneumocystis pneumonia in rodents. Mincle binds to
the major surface glycoprotein (MSG) of P. carinii through its CRD region (Kottom
et al. 2017). Mincle-deficient mice exhibited increased micro-organism burden and
inflammation in the lung during P. carinii infection under CD4 lymphocyte-depleted
conditions. Because MSG is an abundant protein of Pneumocystis spp., Mincle
may also recognize the human pathogen P. jirovecii, which is the most common
opportunistic pathogen of HIV patients.

Fonsecaea spp. are the major causative agents of chromoblastomycosis. Mincle
binds to F. monophora via an unidentified ligand to suppress antifungal immunity
induced by Dectin-1 (Wevers et al. 2014), which recognizes F. monophora and acti-
vates the transcription factor IRF1 that controls the Th1-promoting cytokine IL-12A.
However, F. monophora binding to Mincle induces the E3 ubiquitin ligase Mdm2-
dependent degradation of IRF1, thereby blocking IL-12A transcription. The absence
of IL-12 leads to impaired Th1 responses and promotes Th2 polarization.Mincle also
binds to other pathogenic chromoblastomycosis-related fungi such as F. pedrosoi,
F. compact and Cladophialophora carrionii. Furthermore, Mincle and TLR ligands
coordinately activate inflammatory responses against F. pedrosoi (Sousa et al. 2011).
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2.3.4 Parasites

Leishmania major is a parasitic eukaryote that causes leishmaniasis. L. major is a
poor inducer of dendritic cell activation and thus escapes Th1-mediated host defense
(Ribeiro-Gomes et al. 2012). Mincle-deficient mice showed enhanced parasite clear-
ance and reduced pathology during L. major skin infection (Iborra et al. 2016).
L. major releases soluble Mincle ligand that dampens the activation of Mincle-
expressing dendritic cells by recruiting SHP1 to the ITAM-adaptor molecule FcRγ.
Thus, numbers of CD4+ IFNγ+ cells increased in the infected skin lesions of Mincle-
deficient mice. L. major escapes host immune responses by shifting Mincle to an
inhibitory ITAM configuration (Blank et al. 2009).

2.4 Mincle Senses DAMPs

2.4.1 Damaged Self

Mincle recognizes damaged cells and initiates sterile inflammation.Whole-body irra-
diation or dexamethasone administration inmice causesmassive cell death and sterile
inflammation in the thymus. Mincle blocking antibody reduces MIP-2 production
and infiltration of neutrophils (Yamasaki et al. 2008). SAP130 (Sf3b3), a component
of U2 snRNP, was selectively bound to Mincle-Ig fusion protein (Yamasaki et al.
2008). Although SAP130 is localized to the nucleus in healthy living cells, it leaks
into the extracellular space during the course of necrotic cell death. The damaged
cells/Mincle axis is involved in several pathological settings. SAP130 released from
ethanol-treated hepatocytes (Zhou et al. 2016) induces IL-1β production in Kupffer
cells in a Mincle-dependent manner (Kim et al. 2018). Mincle KO mice had sig-
nificantly reduced hepatic steatosis, inflammation with neutrophil infiltration, and
fibrosis compared with WT mice in an alcohol-induced liver injury model. The
expression of Mincle and SAP130 was elevated in brain injury models including
traumatic brain injury (de Rivero Vaccari et al. 2015), ischemic stroke (Suzuki et al.
2013) and subarachnoid hemorrhage (He et al. 2015). Furthermore, the knock-down
of Mincle reduced IL-1β, the infiltration of myeloperoxidase positive cells and brain
water content, and improved neurological functions in a rat subarachnoid hemor-
rhage model. The administration of recombinant SAP130 exacerbated inflammation
and brain damage (He et al. 2015). Taken together, Mincle and/or SAP130 are at
least partly involved in sterile inflammation caused by tissue damages.

β-glucosylceramide (GlcCer) is another endogenous ligand released from dead
cells (Nagata et al. 2017). Although β-GlcCer is a ubiquitous intracellularmetabolite,
the accumulation of β-GlcCer leads to Gaucher disease, a disorder characterized
mainly by systemic inflammation. β-GlcCer is detected in the supernatants of dead
cells and induces proinflammatory cytokine production in BMDMs in a Mincle-
dependent manner. GBA1 deficient mice, which are a model animal for Gaucher
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disease, show exacerbated inflammation in the thymus upon whole-body irradiation.
Mincle-deficiency tends to decrease this hyper-inflammation, suggesting thatMincle
may be involved in the disease progression of Gaucher disease.

2.4.2 Cholesterol

Human, but not murine, Mincle functions as a direct receptor for cholesterol crystals
and induces inflammation (Kiyotake et al. 2015). This species-specific interaction
can be explained by the existence of a cholesterol recognition/interaction amino acid
consensus (CRAC)motif (Li et al. 1998) that is only present in humanMincle.Human
Mincle also recognizes sitosterol and desmosterol but not ergosterol, cholesterol
esters or steroid hormones. Cholesterol crystals are not recognized byMincle-related
CLRs including MCL, Dectin-2 and Dectin-1. However, murine Mincle recognizes
cholesterol sulfate, present at relatively high concentrations in the epithelial layer of
skin, and which induces the secretion of proinflammatory mediators to promote skin
allergy in a murine model of allergic contact dermatitis (Kostarnoy et al. 2017).

2.5 Ligand Recognition Mode of Mincle

Crystal structures of CRD have been reported for human and bovine Mincle
(Furukawa et al. 2013; Feinberg et al. 2013). Mincle CRD contains a conserved
EPN motif, which is a potential sugar-binding site for mannose and fucose that is
essential for the recognition of glycolipid ligands such as TDM(Ishikawa et al. 2009).
The overall structure around this sugar-binding site is similar to other CLRs such
as DC-SIGNR. One glucose residue of trehalose is closely associated with this pri-
mary sugar-binding site. The second glucose residue of trehalose is accommodated
in a unique secondary sugar-binding site near the primary sugar-binding site, which
further stabilizes the interaction (Feinberg et al. 2013). Long acyl chains of TDM
facilitate efficient immune responses in macrophages (Khan et al. 2011). Unique
hydrophobic stretches are found in Mincle CRD (Furukawa et al. 2013; Feinberg
et al. 2013) and these form shallow grooves adjacent to the sugar-binding site and
associate with the acyl chain of TDM. The flexibility of long acyl chains of TDM
allows multiple interactions with the hydrophobic grooves of Mincle CRD (Söld-
ner et al. 2018). These interactions further stabilize the association of Mincle and
TDM. A number of TDM-related molecules have been chemically synthesized and
their ligand activities were extensively analyzed. More detailed information on the
structure-activity relationship of glycolipid ligands has been summarized in excellent
reviews elsewhere (Williams 2017; Braganza et al. 1940).
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2.6 MCL, a Key Partner of Mincle

MCL is expressed on myeloid cells and shows high homology toMincle (Balch et al.
1998; Arce et al. 2004). The genomic annotation of the Mincle and MCL genes of
variousmammalian species reveals that monotremes andmarsupialia possessMincle
but not MCL. However, placental mammals possess both Mincle and MCL, which
are located next to each other in the genome (Flornes et al. 2004). This suggests
that MCL may arise from the gene duplication of Mincle (Miyake et al. 2013).
Consistently, MCL recognizes TDM; however, its binding affinity is much weaker
compared with Mincle. In contrast to Mincle, MCL is constitutively expressed in the
absence of stimulation but is retained intracellularly (Kerscher et al. 2016). Imme-
diately after Mincle induction, MCL forms a functional complex (Yamasaki 2013)
that is stabilized on the cell surface (Miyake et al. 2015). MCL is indispensable for
efficient Mincle expression and signaling in both mice and humans (Miyake et al.
2013; Kerscher et al. 2016; Ostrop et al. 2015). Notably, MCL-deficient mice show
significant defects in host defense against infection by M. bovis BCG or M. tuber-
culosis H37Rv (Wilson et al. 2015). Furthermore, single nucleotide polymorphisms
(SNPs) of human MCL (rs4304840) were associated with increased susceptibility
to pulmonary tuberculosis. This polymorphism causes an amino acid change in the
transmembrane region of MCL (Ser32Gly), which compromises the interaction of
MCL with FcRγ and affects the ability of MCL to be transported to the cell surface.
Thus, the rs4304840 polymorphism might reduce the surface expression of MCL
and its partner, Mincle.

2.7 Pathological Relevance

Regarding the susceptibility of tuberculosis, four tagging SNPs (rs10841845,
rs10841847, rs10841856 and rs4620776) were genotyped in 416 tuberculosis cases
and 405 healthy controls; however, no significant association was detected with any
of the SNPs analyzed (Bowker et al. 2016). A gender specific association between
Mincle SNPs and anti-cyclic citrullinated peptide (CCP)-positive rheumatoid arthri-
tis was reported (Wu et al. 2012). The SNP rs10841845 G allele was reported to have
a protective effect against anti-CCP-positive rheumatoid arthritis and confer reduced
rheumatoid arthritis activity in men. Enhanced or dysregulated Mincle expression
was reported in rheumatoid arthritis (Nakamura et al. 2006), obesity (Ichioka et al.
2011) and recurrent cholesteatoma (Kim et al. 2017). Importantly, it remains unclear
whether such upregulation ofMincle is the cause or effect, becauseMincle expression
is highly susceptible to environmental stress.

More direct evidence has indicated the involvement of Mincle in pathological
progression. Mincle-deficient mice are resistant to experimental autoimmune uveitis
(EAU) induced by complete Freund’s adjuvant (CFA), which contains Mincle ligand
mycobacteria (Lee et al. 2016). In addition, Mincle activation by TDBwas sufficient
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to generate the EAU phenotype. However, althoughMincle is not involved in fungal-
derived EAU (Brown et al. 2017), it is involved in necrosome-promoted pancreatic
oncogenesis (Seifert et al. 2016). Mincle was expressed on infiltrating monocytes in
human pancreatic ductal adenocarcinoma (PDA), and was associated with SAP130.
Ligation ofMincle bySAP130promotes oncogenesis,whereas the deletion ofMincle
protects against oncogenesis through the regulation of myeloid cell-induced adaptive
immune suppression. Mincle-deficient mice exhibited lower survival rates in experi-
mental sepsis induced by cecal ligation and puncture and E. coli–induced peritonitis
(Lee et al. 2017). Mincle enhances neutrophil migration from the blood stream into
inflammatory sites. In addition, Mincle deletion or blockade protected against con-
canavalin A-induced hepatitis, whereas Mincle ligation exacerbated disease (Greco
et al. 2016). Mincle exacerbated neuronal loss following ischemic but not traumatic
spinal cord injury (Arumugam et al. 2017). The loss of Mincle was beneficial in
a model of transient middle cerebral artery occlusion but did not alter outcomes
following heart or gut ischemia. Of note, there is no evidence for a direct role of
Mincle in microglia or neural activation, although Mincle is expressed in a subset
of macrophages resident in the perivascular niche. Furthermore, Mincle underlies
obesity-induced adipose tissue inflammation and fibrosis (Tanaka et al. 2014).

The APLEC locus, which contains the Mincle gene, was associated with sensitiv-
ity of sepsis inducedbyS. aureus infection, herpes simplexvirus-induced encephalitis
(Guo et al. 2009) and experimental autoimmune encephalomyelitis (Flytzani et al.
2013) rat models. A correlation of the APLEC locus and rheumatoid arthritis was
reported for humans and rats (Lorentzen et al. 2007; Guo et al. 2008).

2.8 Mincle as a Target for Adjuvant

TDM is a prominent component of CFA and Ribi adjuvant. TDM alone shows strong
adjuvant activity; therefore, Mincle might be a promising target for adjuvant in
vaccine development.

CAF01 is a TDB-containing liposomal adjuvant consistent with a cationic surfac-
tant, dimethyl dioctadecyl ammoniumbromide (Christensen et al. 2009). StrongTh1-
type cellular immunity is induced by vaccination with mycobacterial antigens such
as ESAT-6 and Ag85B in combination with CAF01 adjuvant (Holten-Andersen et al.
2004; Davidsen et al. 2005; Jensen et al. 2017). CAF01 provides long-lasting CD4
memory responses (Lindenstrøm et al. 2009) and elicits Th17 responses (Kamath
et al. 2012; Lindenstrøm et al. 2012). Therefore, it markedly potentiates vaccine
effects. IL-1 but not IL-18 and IL-33was required forTDB-inducedTh1/17 responses
in vivo (Desel et al. 2013). Although neonates and infants showed a reduced effi-
cacy of vaccination (Thakur et al. 2013), CAF01 elicited significantly higher and
sustained immune responses compared with other TLR agonists in neonates (Vono
et al. 2018). The degree of synergy between Mincle and TLRs varies dramatically
with age; it is the greatest in newborns and infants and has less synergy in adults,
indicating that a combination adjuvant system might enhance the efficacy of early
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life vaccines (Van Haren et al. 2016). The efficient adjuvant potential of CAF01 in
animal models has been shown by the vaccination of a wide variety of infectious
pathogens including HIV (Gram et al. 2009; Fomsgaard et al. 2011), influenza virus
(Martel CJ. et al. CAF01 potentiates immune responses and efficacy of an inactivated
influenza vaccine in ferrets. PLoS One 2011; Rosenkrands et al. 2011; Christensen
et al. 1928), polio virus (Dietrich et al. 2014), group A streptococcus (Mortensen
et al. 2017), chlamydia (Yu et al. 2010; Olsen et al. 2010, 2017),Helicobacter pylori
(Hitzler et al. 2011), leishmania (Leal et al. 2015), and malaria (Pinto et al. 2012;
Agger et al. 2008). The clinical safety and efficacy of CAF01 was demonstrated by
the vaccination for MTB (van Dissel et al. 2014) and HIV (Karlsson et al. 2013;
Román et al. 2013) in humans.

Modification of CAF01 alters the potency of its immune-activating properties.
CAF04, which replaces TDBwith monomycolyl glycerol, had greater efficient adju-
vant activity than CAF01 (Andersen et al. 2009; Billeskov et al. 2016). Whereas
CAF01 potently adjuvants helper T cell responses, the stimulation of cytotoxic T
cell responses is weak or limited (Agger et al. 2008). The combination of CAF01
plus TLR4-ligand monophosphoryl lipid A improved CD8+ T cell inducing proper-
tieswithout affecting humoral immunity (Nordly et al. 2011). Likewise, TLR3-ligand
polyinosinic-polycytidylic acid plus CAF01 or CAF04 (designated as CAF05 and
CAF09, respectively) had superior potential to induce CD8+ T cell responses (Nordly
et al. 2011; Hansen et al. 2012; Korsholm et al. 2014). The pegylation of CAF01
enhanced IL-5 production and decreased IFN-γ production, thus altering Th1/Th2
immune responses (Kaur et al. 2012).

2.9 Mincle in Other Species

Mincle homologous genes in the genomic sequence database are widely found from
fish to mammalian species. Alignment of the CRD region of Mincle across mam-
malian species demonstrates the strong conservation of key residues involved in its
binding to trehalose and acyl chains of TDM (Rambaruth et al. 2015), suggesting
Mincle might function as a TDM receptor across species. While human and murine
Mincle has been extensively analyzed, several reports have demonstrated the func-
tion of Mincle in other species. The guinea pig is a widely used animal for the
research and development of tuberculosis vaccines because its pathological disease
process is similar to that in humans. Guinea pig Mincle recognizes TDM to the same
degree as human and murine Mincle (Toyonaga et al. 2014). Furthermore, guinea
pig Mincle is expressed on thioglycollate-elicited peritoneal macrophages and the
TDM/Mincle axis is involved in host immune responses against mycobacterial chal-
lenge in guinea pigs. Notably, MCL lacks a C-terminus region and fails to bind
to TDM in guinea pigs. Bovine Mincle binds to acylated derivatives of trehalose
(Feinberg et al. 2016) and brartemicin (Jacobsen et al. 2015). Mincle expression
was detected in papillomavirus-associated urothelial tumors in cattle (Roperto et al.
2015). Fish Mincle (barramundi) was reported to act as a partial replacement for
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TLR4 in lipopolysaccharide-induced inflammation (Zoccola et al. 2017); however,
its mycobacterial recognition activity is unknown.

2.10 Perspectives

The diverse functions ofMincle have become clear following extensive research over
the last decade. Several subjects remain to be investigated. Because Mincle recog-
nizes a wide variety of bacteria and fungi, there is a very great likelihood that Mincle
may interact with enteric bacteria. There are several possibilities whereby Mincle
might contribute to host defense against gut flora, the exacerbation of inflamma-
tory bowel disease, and tissue repair/maintenance of the intestinal tract; however, the
function ofMincle in the gut remains unknown. The function ofMincle in the central
nervous system (CNS), a glycolipid-rich tissue, is also unknown. Although several
reports have indicated involvement of the Mincle/SAP130 axis in brain injury, it is
still unclear whetherMincle recognizes endogenous glycolipids in theCNS. It will be
tempting to clarify the function ofMincle in the process of sensor nerve transmission
or the development/differentiation of the CNS.
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Chapter 3
CLEC5A: A Promiscuous Pattern
Recognition Receptor to Microbes
and Beyond

Pei-Shan Sung, Wei-Chiao Chang and Shie-Liang Hsieh

Abstract CLEC5A is a spleen tyrosine kinase (Syk)-coupled C-type lectin that is
highly expressed by monocytes, macrophages, neutrophils, and dendritic cells and
interacts with virions directly, via terminal fucose and mannose moieties of viral gly-
cans. CLEC5A also binds to N-acetylglucosamine (GlcNAc) and N-acetylmuramic
acid (MurNAc) disaccharides of bacterial cellwalls.Compared to otherC-type lectins
(DC-SIGN and DC-SIGNR) and TLRs, CLEC5A binds its ligands with relatively
low affinities. However, CLEC5A forms a multivalent hetero-complex with DC-
SIGN and other C-type lectins upon engagement with ligands, and thereby medi-
ates microbe-induced inflammatory responses via activation of Syk. For example,
in vivo studies in mouse models have demonstrated that CLEC5A is responsible
for flaviviruses-induced hemorrhagic shock and neuroinflammation, and a CLEC5A
polymorphism in humans is associated with disease severity following infection
with dengue virus. In addition, CLEC5A is co-activated with TLR2 by Listeria and
Staphylococcus. Furthermore, CLEC5A-postive myeloid cells are responsible for
ConcanavilinA-induced aseptic inflammatory reactions. Thus, CLEC5A is a promis-
cuous pattern recognition receptor inmyeloid cells and is a potential therapeutic target
for attenuation of both septic and aseptic inflammatory reactions.
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3.1 Introduction

C-type lectins are characterized by a common structural C-type lectin domain
(CTLD) that can bind glycan and non-glycan ligands in a Ca2+-independent man-
ner; CTLDs that bind glycans in Ca2+-dependentmanner are known as “carbohydrate
recognition domains” (CRD) (Zelensky andGready2005). ThemyeloidC-type lectin
CLEC5A (also known as MDL-1) (Bakker et al. 1999) is a spleen tyrosine kinase
(Syk)-coupled type II membrane protein comprising a C-terminal CTLD and a short
N-terminal cytoplasmic domain. Among the 15 groups of C-type lectins, CLEC5A
falls into Group V (the NK cell receptor family) (Hsieh 2016), which includes
CLEC7A (Dectin-1), CLEC5A, CLEC2, CLEC1, NK receptors (such as NKG2D,
the NKRP1 family, the NKG2 family, CD69 and CD94), mast cell-associated func-
tional antigen (MAFA), osteoclast inhibitory lectin (OCIL), and CD72. Similar to
NKG2D, CLEC5A signals via the ITAM-containing DNAX-activating protein 12
(DAP12) when it is phosphorylated by Src upon activation (Hsieh 2016). However,
the role of DAP10, a DAP12-related adaptor protein associated with NKG2D, in
CLEC5A-mediated signaling remains unclear.

The human CLEC5A mRNA encodes a 165-residue polypeptide with an N-
terminal signal peptide (a.a. 1–22), followed by a short intracellular cytoplasmic
domain (a.a. 23–56), a transmembrane domain (a.a. 57–70) and an extracellular
domain (a.a. 71–165). The transmembrane domain contains a positively charged
amino acid, Lys-58, which recruits DAP10 and DAP12 to associate with CLEC5A
after activation. CLEC5A is mainly expressed by myeloid cells, including mono-
cytes, macrophages, neutrophils, and dendritic cells (Chen et al. 2008), and is further
upregulated by interferon-gamma (IFN-γ)(Joyce-Shaikh et al. 2010). In addition,
CLEC5A expression is under the control of the PU.1 transcription factor, which
is a central regulator of myeloid cell differentiation (Batliner et al. 2011). Recent
studies further demonstrate that CLEC5A expression is upregulated by the nuclear
factor erythroid 2-related factor 2 (Nrf2) (Cheng et al. 2016), suggesting CLEC5A
is regulated by oxidative stress.

An X-ray crystal structure has revealed that CLEC5A is a homodimeric protein
when it binds to dengue virus serotype 1–4. Moreover, the CLEC5A crystal struc-
ture revealed conformational flexibility, suggesting that CLEC5A can adopt various
conformations in vivo and that its conformation is ligand-dependent (Watson et al.
2011).

While NK receptors recognize stress-associated autologous antigens and are cru-
cial for immunosurveillance, group V spleen tyrosine kinase (Syk)-coupled C-type
lectins in myeloid cells recognize diverse exogenous and endogenous antigens and
are involved in host defense, aseptic inflammation, platelet activation and devel-
opment (Brown et al. 2018). The ligand for CLEC5A was unknown until it was
shown to interact with glycan moieties on dengue virus (DV) (Chen et al. 2008),
Japanese encephalitis virus (JEV) (Chen et al. 2012) and type A influenza virus
(IAV) (Teng et al. 2017). In addition, CLEC5A has been found to interact with N-
acetylglucosamine (GlcNAc) andN-acetylmuramic acid (MurNAc) disaccharides on
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gram-positive bacteria (Listeria monocytogenes and Staphylococcus aureus) (Chen
et al. 2017). Moreover, CLEC5A has a critical role in the inflammatory responses
associated with collagen-induced rheumatoid arthritis (Joyce-Shaikh et al. 2010)
and Concanavalin A-induced liver inflammation (Cheung et al. 2011). Most recently
it was demonstrated that CLEC5A interacts with exosomes released from activated
platelets (Sung et al. 2019), though the ligand responsible has not been identified yet.
In this review, we will discuss protective and pathogenic role of CLEC5A in viral
and bacterial infections, and how CLEC5A collaborates with other C-type lectins in
the recognition of various antigens.

3.2 CLEC5A Is the Pattern Recognition Receptor for Viral
Glycans

It has been shown that host cells contain abundant endosomal sensors (such as TLR3,
TLR7, TLR8, and TLR9) and cytoplasmic sensors (such as RIG-I, MDA5, cGAS)
that detect the nucleic acids of DNA and RNA viruses (Schlee and Hartmann 2016).
After endocytosis, viruses release nucleic acids that trigger receptor- and sensor-
mediated signaling pathways to induce the secretion of proinflammatory cytokines
and interferons. These nucleic acid receptors and sensors nicely demonstrate how
virus-infected cells produce interferons and inflammatory cytokines to limit viral
replication and spreading. However, it is hard to explain how some viruses (such
as dengue virus, H5N1 virus, SARS-Coronavirus, Ebola viruses etc.) trigger mas-
sive cytokine release from leukocytes (known as cytokine storm), thereby causing
systemic permeability change and hemorrhagic shock. For example, dengue virus
(DV) infection frequently causes high fever (>40 °C), rash, thrombocytopenia, back
pain, retroorbital pain and joint pain (Wilder-Smith and Schwartz 2005), but can
give rise to more severe symptoms, i.e., dengue hemorrhagic fever/dengue shock
syndrome, due to elevated systemic vascular permeability and activation of platelets
(Wilder-Smith and Schwartz 2005). In contrast, Hepatitis B virus (HBV) infection
is associated with low-grade fever and persistent viremia, leading to fibrotic changes
and hepatocellular carcinoma (Ganem and Prince 2004). These observations sug-
gest that each virus must be able to trigger a distinct pathway in addition to nucleic
acid receptor-/sensor-mediated signaling to modulate host immunity, thus resulting
in various clinical symptoms and outcomes.

The viral nucleocapsid is surrounded by a lipid bilayer that contains viral proteins
(such as the DV E protein and HBsAg) to enable virus binding to host cells. Even
though the lipid bilayer of the viral envelope is derived from host cell membranes,
the envelope also contains proteins encoded by the viral genome. One of the best-
studied viral envelope proteins is the E protein of dengue virus, which has two N-
linked glycosylation sites at Asn-67 and Asn-153 (Pokidysheva et al. 2006), where
the terminal sugars include mannose, fucose, and GluNac (Modis et al. 2003). While
the glycosylation site at Asn-153 is conserved in most flaviviruses, glycosylation
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at Asn-67 is unique for DV serotype 2 (DV2) (Heinz and Allison 2003). It has
been shown that dengue virus interacts with the C-type lectin DC-SIGN via Asn-
67 (Tassaneetrithep et al. 2003), while JEV interacts with DC-SIGNR via Asn-163
(Shimojima et al. 2014). In addition, E protein is a viral structural protein and is
immunogenic; thus we speculated that this glycosylated viral envelope protein could
be regarded as a “virus-associated molecular pattern” (VAMP) that triggers host
immune responses.

By lectin array screening, we demonstrated that the intact dengue virion binds
to DC-SIGN, mannose receptor (MR) and CLEC5A specifically(Chen et al. 2008).
While DC-SIGN and MR interact with the dengue virion via mannose in a Ca2+-
dependent manner, CLEC5A interacts with the dengue virion via fucose in a Ca2+-
independent manner. Even though DC-SIGN (Tassaneetrithep et al. 2003) and MR
(Miller et al. 2008) have been reported to interact with dengue viruses, both receptors
lack motifs capable of transducing signals upon ligand binding. In contrast, DV
activates CLEC5A to recruit DAP12, thereby triggering downstream signaling in
immune cells (Chen et al. 2008).

By comparing the binding of CLEC5A to JEV mutants lacking either Asn-67 or
Asn-153, we found that CLEC5A interacts with flavivirus via Asn-153 (Fig. 3.1).
DC-SIGN is shown to interactswith dengue virion viaAsn-67 (Mondotte et al. 2007),
thus dengue virion seems interacting with DC-SIGN and CLEC5A via Asn-67 and
Asn-153, respectively. Furthermore, the affinity of the CLEC5A-DV interaction is
much lower than that of theDC-SIGN-DVinteraction, and colocalizationofCLEC5A

JEVWT

Asn 154 Asn 154Asn 67

JEVmutant-1

Asn 67Asn 153 Asn 153

DVJEVmutant-2

Fig. 3.1 Interaction between CLEC5A and Flaviviruses. Dengue virus (DV) contains two glyco-
sylation sites at Asn-67 Asn-153. Japanese encephalitis virus (JEV) contains a glycosylation site
at Asn-154. JEV mutant-1 contains a glycosylation site at Asn-67, while JEV mutant-1 contains
no glycosylation site. Because CLEC5A interacts with both DV and wild type JEV, JEV-154 and
DV-153 are crucial for the interaction between CLEC5A with JEV and DV, respectively



3 CLEC5A: A Promiscuous Pattern Recognition Receptor to Microbes … 61

and DC-SIGN on macrophages was detected upon engagement with DV (Lo et al.
2016). All these observations suggest that DV form a multivalent hetero-complex
with CLEC5A and DC-SIGN to activate macrophages via Syk-coupled CLEC5A.
Because DC-SIGN is crucial for virus entry into dendritic cells and other DC-SIGN-
positive myeloid cells (such as macrophages), DV2 is more efficient than other DV
serotypes (DV1, DV3, DV4) and flaviviruses at infecting and replicating in dendritic
cells andmacrophages.On the other hand,CLEC5Arecognizes all flaviviruses via the
conserved Asn-153, supporting the notion that CLEC5A is a pan-pattern recognition
receptor for all the flaviviruses. These observations suggest that viruses activate host
defense mechanisms not only via nucleic acids (denoted as virus-associated molec-
ular pattern-1, VAMP-1), but also activate innate immune receptors via their surface
glycans (denoted as virus-associatedmolecular pattern-2, VAMP-2) (Fig. 3.2).While
nonmyeloid cells are only activated by VAMP-1, macrophages and other myeloid
cells are activated by both VAMP-1 and VAMP-2 via nucleic acid receptors/sensors
and Syk-coupled C-type lectin, respectively; this enhances NFkB-mediated proin-
flammatory cytokine release to induce a severe cytokine storm. This dual activation
pathway provides an explanation for why viruses capable of activating or replicat-
ing in macrophages (such as dengue virus, Ebola virus, Bunya virus, H5N1 IAV)
frequently cause cytokine storms.

VAMP-2 and lectin receptorsVAMP-1 and cellular sensors

Fig. 3.2 Activation of CLEC5A and nucleic acid sensors by viruses. Dengue virus infection of
dendritic cells results in release of viral nucleic acids (virus-associated molecular pattern-1/VAMP-
1) that interact with endosomal TLRs and cellular sensors to activate IRAK and TBK1 and induce
the production of proinflammatory cytokines and interferons. In addition, dengue virus activates
CLEC5A via viral glycans (virus-associated molecular pattern-2/VAMP-2) to trigger NALP3-
inflammasome formation and NFkB activation. Similar pathways are associated with H5N1 IAV
infection
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3.3 CLEC5A in Flaviviral Infections

The genus Flavivirus contains a group of single-stranded, enveloped RNA viruses
that cause serious diseases in humans and animals, including DV, JEV, WNV, and
ZIKA virus (ZIKV). Even though the RNA structures of these four flaviviruses are
similar, their clinical symptoms are very diverse. CLEC5A has been shown to be
critical in the pathogenesis of dengue hemorrhagic fever, dengue shock syndrome
and JEV-induced encephalitis and neuronal inflammation.

3.3.1 CLEC5A in Dengue Virus Infection

Compared to other flaviviruses (i.e., JEV, WNV, ZIKV), higher viral titers and
longer viremia durations have been noted in DV infection. The clinical symptoms of
DV infection include high fever (frequently >40 °C), severe headache, retro-orbital
pain, back pain, and petechia. In more severe cases, severe thrombocytopenia with
increased systemic vascular permeability leads to dengue hemorrhagic fever and
shock syndrome. These observations suggest that systemic viremia correlates with
viral potency to trigger more severe inflammatory reactions than is the case for other
flaviviruses.

3.3.1.1 CLEC5A in Virus-Induced Cytokine Release

DV infection activates both endosomal TLR7 and CLEC5A to induce the secretion
of interferons (IFNs) and proinflammatory cytokines, such as TNF-α, IL-6, MIP1-α,
IL-8, and IP-10.While knockdown of DC-SIGN inhibits DV entry into macrophages
with mild impairment on cytokine production, blockade of CLEC5A attenuates the
release of proinflammatory cytokines, such as TNF-α, IL-6, MIP1-α, IL-8, and IP-
10 dramatically, without affecting IFN production. There is evidence (Chen et al.
2008) that all four serotypes of dengue virus (DV1-4) bind and activate CLEC5A
to secrete proinflammatory cytokines. Furthermore, CLEC5A is also responsible for
enhanced inflammatory cytokine release from macrophages incubated with immune
complexes containing antibodies to DV E protein and DV pre-membrane protein (an
in vitro system to mimic antibody-dependent enhancement of DV infection). This
observation demonstrates that DV can activate dual receptor pathways; i.e., endoso-
mal TLR7 and other nucleic acid sensors via viral RNA (VAMP-1), and CLEC5A via
glycans and proteins on the viral envelope (VAMP-2). Thus, it should be possible to
attenuate virus-induced inflammatory reactions without suppressing IFN-mediated
anti-viral immunity. This was confirmed in vivo using an anti-CLEC5A mAb to
treat DV-infected mice. Compared to isotype control, anti-CLEC5A mAb inhibited
DV-induced plasma leakage, as well as subcutaneous and vital-organ hemorrhaging,
thereby reducing mortality by about 50% in STAT1-deficient mice. Thus, blockade
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of CLEC5A offers a novel strategy for alleviating tissue damage and increasing sur-
vival rate in patients suffering from dengue hemorrhagic fever and shock syndrome
(Chen et al. 2008).

3.3.1.2 CLEC5A-Mediated NALP3 Inflammasome Activation

Fever is caused by endogenous pyrogens produced by stimulated leukocytes (or
other cell types) upon pathogen invasion. The most abundant endogenous pyro-
gens are TNF-α and IL-1β derived from activated macrophages (Netea et al. 2000;
Dinarello 2004), both of which can regulate local and systemic inflammation by
activating lymphocytes and promoting leukocyte infiltration. In contrast to TNF-α,
IL-1β production relies on the activation of the NACHT, LRR and PYD domain-
containing protein 3 (NALP3) inflammasome and caspase-I (Schroder and Tschopp
2010). Thus, it is crucial to understand how DV activates inflammasomes to release
IL-1β, which contributes significantly to high fever and inflammatory reactions in
dengue patients.

Although both M-CSF and GM-CSF contribute to macrophage differentiation,
during infection this is primarily regulated by GM-CSF, which is upregulated dur-
ing inflammatory responses (Wu et al. 2013) and can cause massive expansion
of the macrophage population in the spleen leading splenomegaly (Krakowski
et al. 2002). In addition, CLEC5A expression is much higher in GM-CSF-
derived macrophages (GM-Mφ), compared to M-CSF-derived macrophages (M-
Mφ) (Gonzalez-Dominguez et al. 2015). We found that DV activates CLEC5A to
induce the activation of the NALP3 inflammasome and caspase-1, leading to abun-
dant release of IL-1β fromGM-Mφ (Wuet al. 2013).Moreover, blockade ofCLEC5A
by an antagonistic mAb inhibits DV-induced NALP3 inflammasome activation and
IL-1β secretion.While serum IL-1β is elevated after DV infection in stat1−/− mice, it
is almost undetectable in stat1−/−clec5a−/− mice. These observations help to explain
how DV binding to CLEC5A contributes to the severe inflammatory reaction during
DV infection (Wu et al. 2013).

3.3.1.3 CLEC5A in DV-Induced Osteoclast Activation

In addition to high fever, the clinical symptoms of dengue infection include severe
headache and retro-orbital pain, arthralgia,myalgia, anorexia and abdominal discom-
fort. Therefore, dengue fever is also known as “break-bone” disease. However, the
underlying mechanism for the pain experienced by dengue patients is still unclear.
Because increased osteoclastic bone resorption is associated with pain, we asked
whether DV infects osteoclasts and increases their osteolytic activity. We found that
osteoclasts are highly susceptible to DV infection and that they produce high lev-
els of TNF-α and IL-6 following infection. In contrast, osteoclasts are resistant to
WNV and JEV infection, and do not produce detectable proinflammatory cytokines
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in response to these viruses. Furthermore, DV activates NFATc1 to upregulate oste-
olytic activity via CLEC5A, and DV infection causes bone tissue inflammation and
disturbance of bone homeostasis in stat1−/− mice. While CLEC5A-induced proin-
flammatory cytokine release is via DAP12-mediated signaling, CLEC5A-induced
osteolytic activity requires the formation of aCLEC5A/DAP12/DAP10 tri-molecular
complex (Inui et al. 2009). Nevertheless, blockade of CLEC5A is able to suppress
DV-induced bone inflammation and osteolytic activity in vivo (Huang et al. 2016),
confirming the critical role of CLEC5A in osteoclast activation. It would be inter-
esting to explore whether blockade of CLEC5A is able to reduce pain in dengue
patients in the future.

3.3.2 CLEC5A in JEV-Induced Neuronal Inflammation

Even though JEV is structurally similar to DV its tropism and the clinical symptoms
it induces are distinct. JEV is less effective at infecting peripheral macrophages and
inducing proinflammatory cytokines and, while DV is detectable in sera following
infection, JEV is almost undetectable in patients’ sera.However, JEV infects neuronal
cells efficiently, and JEV-induced neuronal inflammation associated with microglia
activation. In contrast to the transient nature of DV-induced hemorrhagic fever/shock
syndrome, JEV-infected victims experience permanent neuropsychiatric sequelae,
including persistent motor defects and severe cognitive and language impairments
(Mackenzie et al. 2004). However, it is unclear whether neuronal death after JEV
infection is due to a direct cytotoxic effect of JEV on infected neuronal cells, or is
via inflammatory mediators released from microglia cells.

We found that supernatants from JEV-infected mouse glial cells have potent neu-
rotoxic effects. Incubation of macrophages and microglia with JEV induces proin-
flammatory cytokine and chemokine release, where addition of an anti-CLEC5A
mAb inhibits JEV-induced proinflammatory cytokine release, and attenuates the
neurotoxic effects of supernatants from JEV-infected mixed glial cells in vitro.
Although blockade of CLEC5A cannot inhibit JEV infection of neurons and astro-
cytes, anti-CLEC5A mAb inhibits JEV-induced proinflammatory cytokine release
from microglia and prevents bystander damage to neuronal cells. These observa-
tions suggest that JEV activates CLEC5A to induce the release of neurotoxic sub-
stances from activated microglia. Moreover, injection of anti-CLEC5A mAb into
JEV-infectedmicemaintains the integrity of the blood–brain-barrier, attenuates infil-
tration of CD45+Ly6G+ and CD45+Ly6C+ inflammatory cells into the brain, and pro-
tects mice from JEV-induced lethality; surviving mice develop protective humoral
and cellular immunity against JEV infection. Thus, it is evident that CLEC5A plays
a critical role in the pathogenesis of JEV-induced neurotoxicity, where blockade of
CLEC5A protects against JEV-induced brain damage (Chen et al. 2012).
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3.4 CLEC5A in Type A Influenza Virus (IAV) Infection

Influenza virus is the most common pathogen associated with human respiratory
infections, and causes high morbidity and mortality in susceptible hosts who are
unable to tolerate the negative consequences of the immune response during the acute
stage or reduce pathogen burden in later stages. Innate immune receptors and sensors
involved in recognition of influenza viruses include Toll-like receptors TLR3, TLR7,
TLR8, retinoic acid-inducing gene (RIG-I), NOD-like receptor family members and
NALP3.However, there are nopublisheddata to evidence a direct interaction between
the NALP3 inflammasome and influenza virus.

As seen in DV infection, C-type lectins expressed onmyeloid cells, includingDC-
SIGN (CLEC4L), DC-SIGNR (CLEC4M), macrophage mannose receptor (MMR)
andmacrophage galactose-type lectin (MGL), have been shown to mediate influenza
virus internalization in a sialic acid-independent manner (Londrigan et al. 2011; Ng
et al. 2014; Reading et al. 2000; Upham et al. 2010). However, it is still unclear
whether influenza virus can bind and trigger signaling via myeloid C-type lectins to
further modulate the host immune response.

We employed a lectin Fc array to identify pattern recognition receptors for H5N1
and H1N1 influenza viruses, using pseudotyped lentiviral particles with surface
expression of influenza HA proteins derived fromH5N1 or H1N1 isolates. We found
that both H1N1 and H5N1 bind to DC-SIGN (CLEC4L) via mannose moieties asso-
ciated with the influenza virus membrane protein (Londrigan et al. 2011). Moreover,
DC-SIGNR (CLEC4M), Mincle (CLEC4E) and CLEC5A also interact with H1N1
and H5N1, where the highest affinity interaction is between CLEC5A and H5N1
(Teng et al. 2017). We further found that CLEC5A plays a critical role in H5N1 IAV-
induced release of proinflammatory cytokine (TNF-α), chemokines (IP-10, MCP-1,
MIP-1α) and IFN-α (Londrigan et al. 2011). Similar observations were made when
human macrophages were incubated with H1N1 and H5N7 IAVs.

The cytokine profile observed for Clec5a−/− mouse bone marrow-derived
macrophages (mBMDM) was slightly different from that seen for human
macrophages blockaded with anti-CLEC5A mAb, when these cells were infected
with IAV.While the production of TNF-α and IP-10was downregulated inClec5a−/−
mBMDM, IFN-α/β production was upregulated. Since mice lack orthologues of DC-
SIGN and DC-SIGNR, which are involved in IAV infection of human macrophages,
the differential responses of mouse and human macrophages to IAV infection can
be attributed to the presence or absence of DC-SIGN/DC-SIGNR. Nevertheless,
Clec5a−/− mice were protected from the sublethal challenge of H5N1 virus by
reducing the level of proinflammatory cytokine in the lungs, suggesting activation
of CLEC5A plays a pathogenic role in IAV infection.
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3.5 CLEC5A in Gram-Positive Bacterial Infection

While TLR2 and TLR4 recognize PAMPs expressed on gram-positive and gram-
negative bacteria, respectively (Medzhitov 2001; Akira 2001), TLR2-deficient mice
are not alwaysmore susceptible thanwild type to Gram-positive infection, e.g., in the
case of Listeria infection (Edelson and Unanue 2002). These observations suggest
that other receptors/sensorsmay playmore important roles thanTLR2 in host defense
against some gram-positive bacterial infection.

3.5.1 CLEC5A Is Critical for Bacteria-Induced NET
Formation and Proinflammatory Cytokine Production

Neutrophils clear invading bacteria by phagocytosis and production of reactive oxy-
gen species (ROS) to kill engulfed bacteria. In addition, neutrophils produce neu-
trophil extracellular traps (NETs) to ensnare a variety of microbes (Brinkmann et al.
2004). However, the key receptors that trigger bacteria-induced NET formation are
not clearly defined. It has been shown that free radical production is required for NET
formation; however, TLR-mediated signaling does not contribute to ROS production
(Gantner et al. 2003). In contrast, Syk-mediated signaling leads to ROS production
in the cytosol (Mocsai et al. 2010), thus we asked whether CLEC5A contributes to
bacteria-induced NET formation.

We demonstrated that CLEC5A is required for Listeria- and Staphylococcus-
induced NOD-like receptor (NLR) 4 inflammasome activation and IL-1β production
in macrophages and also to restrict bacteria-spreading and NET formation in vivo
(Chen et al. 2017). While TLR2 binds to teichoic acids, CLEC5A binds to N-
acetylglucosamine (GlcNAc) andN-acetylmuramic acid (MurNAc) disaccharides of
the Listeria cell wall. Thus, engagement of Listeria by neutrophils is associated with
co-activation of TLR2 and CLEC5A to induce ROS and proinflammatory cytokine
production.Moreover,Clec5a−/−mice aremore susceptible to infection thanTlr2−/−
mice after intravenous inoculation with Listeria monocytogenes; Clec5a−/−Tlr2−/−
mice are extremely susceptible to infection with all mice dying within 5 days. These
observations suggest co-activation of CLEC5A and TLR2 is critical to host defense
against Listeria and Staphylococcus infections. Moreover, CLEC5A deficiency is
associated with impaired production of TNF-α and IL-1β, and reduced the numbers
of IL-17A-producing γδT cells, which are critical for immunity to L. monocytogenes
(Romagnoli et al. 2016) aswell as contributing to autoimmune diseases (Papotto et al.
2018; Akitsu and Iwakura 2018). Therefore, CLEC5A/TLR2 activation is not only
central to bacteria-induced inflammatory responses, but may also play a key role in
the pathogenesis of autoimmunity.
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3.6 Multivalent Binding Between Microbes and C-Type
Lectins

Using genetic approaches, we have clearly demonstrated critical roles for CLEC5A
in viral and bacterial infections as mentioned above. Immunofluorescent staining
revealed that CLEC5A colocalizes with mannose receptor (MR) and DC-SIGN in
the presence of DV infection, where both MR and DC-SIGN display higher binding
affinities for DV compared to CLEC5A (Lo et al. 2016). This observation sug-
gests that CLEC5A and other C-type lectins form a hetero-multivalent receptor
complex to engage with DV (Fig. 3.3a). This model is in accord with our obser-
vation that dengue virions bind to DC-SIGN/CLEC5A via N-linked glycans asso-
ciated with Asn-67 (mannose) and Asn-153 (fucose) on DV E protein (VAMP-2),
thus activating CLEC5A to trigger downstream signaling. In addition, dengue virus
enters macrophages via DC-SIGN and activates TLR7 by interaction with viral RNA
(VAMP-1). Co-activation ofCLEC5Aand endosomal TLR7 leads to enhanced proin-
flammatory cytokine release from DV-infected macrophages (Chen et al. 2008).
These observations suggest that viruses are captured by high-affinity receptors such
as DC-SIGN, DC-SIGN and DC-SIGNR, and form a hetero-multivalent receptor

(a) (b) 

Fig. 3.3 a Formation of a hetero-multivalent receptor complex upon engagement with DV.
Acrophages express abundant DC-SIGN and CLEC5A, which capture dengue virions via man-
nose and fucose moieties associated with glycans on Asn-67 and Asn-153 of DV E protein to
form a hetero-multivalent receptor complex. b Co-activation of CLEC5A and TLR2 by Listeria.
Neutrophils and macrophage express abundant TLR2 and CLEC5A, which interact with teichoic
acid and GlcNAc/MurNAc disaccharides on bacterial cell walls and are co-activated leading to
production of free radicals and NET formation by neutrophils, as well as inducing proinflammatory
cytokine and chemokine expression by macrophages
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complex with the low-affinity receptor CLEC5A via fucose on the viral envelope.
This model is consistent with our observations in flaviviral and H5N1 viral infections
and also predicts that CLEC5A on macrophages and dendritic cells will be activated
by other microbes that harbor mannose and fucose moieties on their surfaces.

In addition to C-type lectins, we have demonstrated that TLR2 and CLEC5A bind
teichoic acid and GlcNAc-MurNAc disaccharides of Listeria cell wall, thereby form-
ing CLEC5A-TLR2 heterocomplex upon engagement with Listeria monocytogenes
(Chen et al. 2017) (Fig. 3.3b). Because microbial surfaces are rich in various glycans
with terminal mannose and fucoses, CLEC5A may also be co-activated with other
TLRs during microbial infections. Because activation of CLEC5A induces the pro-
duction of chemokines and free radicals by macrophages and neutrophils, blockade
of CLEC5A may represent a means of attenuating inflammation due to excessive
NET formation.

3.7 CLEC5A Polymorphism and Disease Susceptibility

Associations between CLEC5A polymorphisms and disease susceptibility have been
investigated in previous clinical studies. Furthermore, in vitro studies have been con-
ducted to assess the relationship between CLEC5A genetic variants and the expres-
sion levels ofCLEC5A and various immunological mediators (Xavier-Carvalho et al.
2013, 2017).

3.7.1 CLEC5A Polymorphism and Dengue Fever

Xavier-Carvalho et al. recruited 88 patients with severe dengue virus infection in
Brazil, along with 335 healthy controls who shared the same living environment
as the patients. The authors studied the association between susceptibility to severe
dengue fever and selected single nucleotide polymorphisms (SNPs) located in can-
didate genes, including TNF, IL-10, MIF, DC-SIGN, CLEC5A, NOD2, CCR5 and
MRC1. The most significant association was found between the TT genotype of
CLEC5A (rs1285933 C > T) and severe dengue susceptibility (OR= 2.25; p= 0.03).
In addition, the authors measured the serum levels of TNF, IL-10, IL-13 and IFN-γ
at a critical disease phase in patients with different rs1285933 genotypes. Those with
CT or TT genotypes exhibited higher levels of serum TNF than CC individuals, sug-
gesting that CLEC5A variants might increase the risk of disease susceptibility and
serum TNF level in dengue patients. In a subsequent analysis, the control cohort was
divided into groups according to their IgG status, where IgG+ implied recent infection
with mild to no symptoms and without hospital admission; here, only borderline sig-
nificance was reported for the association between rs1285933 genotype and dengue
severity (Xavier-Carvalho et al. 2013, 2017). To validate their findings and to deci-
pher the role of CLEC5A genetic variants in dengue viral infection, Xavier-Carvalho
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et al. conducted a follow-up study. They recruited 213 hospitalized dengue patients
and investigated the association of rs1285933 with disease severity. Consistent with
their previous study, T carriers at rs1285933were associatedwith amore severeman-
ifestation in dengue fever. Furthermore, to investigate the role of CLEC5A after DV
infection, the authors collected monocytes from healthy individuals and treated the
cells with DV. The DV-infected monocytes showed increased CLEC5A mRNA and
protein expression after infection. Among the groups, monocytes from CC geno-
type individuals showed higher CLEC5A protein expression 24 h after infection.
Furthermore, a positive correlation was found between TNF concentration in super-
natants and CLEC5A protein 48 h after infection. However, there was no difference
in dengue viral load or TNF expression among the different genotypes.Moreover, the
authors observed only borderline significance for the association between CLEC5A
mRNA levels in patients with mild dengue infection and the CC genotype; TNF
mRNA expression showed no variation among mild dengue patients with different
genotypes (Xavier-Carvalho et al. 2017).

There is evidence that dengue patients with different ethnicities exhibit different
levels of clinical symptoms. For example, migrant Chinese have a higher risk of
severe dengue fever than local Chinese in Singapore (Xu et al. 2018). Furthermore,
African ethnicity has been identified as a protective factor for severe symptoms in
Cuban dengue patients (Sierra et al. 2017). Using data from the 1000 Genomes
project, we screened the frequency of rs1285933 alleles of CLEC5A in the African,
European, American, South Asian and East Asian populations. As shown in Fig. 3.4,
the frequency of the T allele, which is associated with increased risk of severe dengue
fever, has the lowest frequency inAfricans (AFR, 34.9%), followed by the Europeans
(EUR, 46.8%), Americans (AMR, 58.1%), South Asians (SAS, 60.9%) and East
Asians (EAS, 77.2%). The results indicate that the highly polymorphisms CLEC5A

Fig. 3.4 Worldwide allele frequency at rs1285933 in CLEC5A in different ethnicities (shown
as frequency (numbers)). ALL: all populations; EUR: Europeans; AMR: Americans; SAS: south
Asians; EAS: east Asians
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may associate with human migration distance as well as susceptibility of infectious
diseases such as dengue fever.

3.7.2 CLEC5A Polymorphism and Kawasaki Disease

Kawasaki disease (KD) is an acute systemic childhood vasculitis without clear eti-
ology. The clinical symptoms include fever, enlargement of lymph nodes, rash in
the genital area and sore throat. The most severe complications of KD are aseptic
meningitis and aortic aneurysm (Romagnoli et al. 2016). An association study based
on 381 KD patients and 664 normal controls was conducted to identify SNPs associ-
ated with KD. In that study, four tagging single nucleotide polymorphisms (tSNPs)
(i.e., rs1285968, rs11770855, rs1285935, rs1285933) were selected for genotyping.
However, no clear association was found between the four tSNPs and susceptibil-
ity of coronary artery lesion formation or response to intravenous immunoglobulin
treatment (Yang et al. 2012). Since only the SNP with a minor allele frequency of
more than 10% were selected for testing, in this study, the effects of the rare causal
SNPs are very likely to be underestimated. To understand the genetic functions of
CLEC5A in the pathogenesis of KD, a large-scale DNA sequencing to CLEC5A is
needed.

3.8 The Role of CLEC5A in Aseptic Inflammatory
Reactions

CLEC5A is not only involved in host recognition to viruses and bacteria, but has
also been implicated in the recognition of endogenous ligands during aseptic inflam-
mation. The collagen antibody-induced arthritis (CAIA) model in mice is initi-
ated by passive transfer of type II collagen-specific antibody and is dependent on
myeloid cell activation. It is interesting to note that CD11b+Ly6G+CLEC5A+ cell
numbers are increased after arthritis induction, and that injection of an agonistic
anti-CLEC5A mAb further increases CD11b+Ly6G+CLEC5A+ cell infiltration into
joint and aggravates disease severity. In contrast, injection of CLEC5A.Fc inhibits
collagen-induced autoimmune arthritis. These observations suggest that activation
of CLEC5A can enhance the pathogenic effect of CD11b+Ly6G+CLEC5A+ cells in
autoimmune arthritis (Joyce-Shaikh et al. 2010). This argument is supported by the
observation that CLEC5A is highly upregulated in monocytes of rheumatoid arthritis
patients (Chen et al. 2014). In addition, Concanavalin A-induced hepatitis is asso-
ciated with infiltration of CD11b+GR1+Ly6G+Ly6C+CLEC5A+ immature myeloid
cells into the liver, and activation of this cell population by an agonisticmAb activates
eNOS leading to high levels of NO and TNF-α, thereby resulting in shock syndrome
in this mouse model (Cheung et al. 2011).
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Recent studies have demonstrated that DV infection activates nuclear factor Nrf2,
which further upregulatesCLEC5AandTNF-α expression (Cheng et al. 2016). These
observations suggest that CLEC5A expression is upregulated under oxidative stress.
Thus, overactivation of CLEC5A+ immature myeloid cells by endogenous ligands
under stressful conditions can lead to systemic inflammatory response syndrome
(SIRS), and blockade of CLEC5A may represent a novel strategy for prevention of
septic and aseptic shock syndrome.

3.9 Summary

CLEC5A is a myeloid Syk-coupled C-type lectin, which preferentially binds to
fucose andmannose. Asmicrobial surfaces are rich in glycans, microbes are captured
by lectins, including CLEC5A. Thus, CLEC5A can formmultivalent heterocomplex
with other C-type lectins or TLRs, resulting in receptor activation, upon engagement
with microbial and nonmicrobial antigens. Moreover, CLEC5A is involved in the
pathogenesis of aseptic inflammation, suggesting that it may also recognize various
fucosylated endogenous danger signals. Blockade of CLEC5A attenuates inflamma-
tory reactions, but without downregulating antiviral immunity (since it does not influ-
ence TLR-mediated IFN production), thereby protecting the host from virus-induced
systemic inflammatory reactions. In addition to infectious diseases, CLEC5A+ cells
mediate aseptic inflammation, e.g., in the contexts of collagen-induced arthritis and
cigarette smoke-induced chronic obstructive pulmonary disease (COPD); blockade
of CLEC5A inhibits the onset of arthritis and COPD. Thus, CLEC5A is a potential
therapeutic target for various inflammatory diseases, and blockade of CLEC5A and
associated TLRs may provide a means of protecting against both septic and aseptic
inflammatory diseases.
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Chapter 4
Collectins: Innate Immune Pattern
Recognition Molecules

Valarmathy Murugaiah, Anthony G. Tsolaki and Uday Kishore

Abstract Collectins are collagen-containing C-type (calcium-dependent) lectins
which are important pathogen pattern recognising innate immune molecules. Their
primary structure is characterised by an N-terminal, triple-helical collagenous region
made up ofGly-X-Y repeats, an a-helical coiled-coil trimerising neck region, and aC-
terminalC-type lectin or carbohydrate recognitiondomain (CRD). Further oligomeri-
sation of this primary structure can give rise to more complex and multimeric struc-
tures that can be seen under electron microscope. Collectins can be found in serum
as well as in a range of tissues at the mucosal surfaces. Mannanbinding lectin can
activate the complement system while other members of the collectin family are
extremely versatile in recognising a diverse range of pathogens via their CRDs and
bring about effector functions designed at the clearance of invading pathogens. These
mechanisms include opsonisation, enhancement of phagocytosis, triggering superox-
idative burst and nitric oxide production. Collectins can also potentiate the adaptive
immune response via antigen presenting cells such as macrophages and dendritic
cells through modulation of cytokines and chemokines, thus they can act as a link
between innate and adaptive immunity. This chapter describes the structure-function
relationships of collectins, their diverse functions, and their interaction with viruses,
bacteria, fungi and parasites.

Keywords Collectins · Pathogens · Innate immunity · Phagocytes · Receptors

4.1 Introduction

Collectins (collagen-containing C-type lectins) are soluble mammalian C-type
lectins, which represent an important group of pattern-recognition molecules and
serve multiple functions in the innate immune system. The term “collectin” was first
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used by Malhotra et al. (1992). They are known to mediate pathogen recognition
through calcium-dependent carbohydrate recognition domains (CRDs). The follow-
ing nine collectins have been identified to date: mannan-binding lectin (MBL), three
bovine serum collectins, conglutinin, CL-43 and CL-46, lung surfactant proteins SP-
A and SP-D, and more recently discovered collectins including, collectin kidney 1
(CL-K1, also calledCL-11), collectin liver 1 (CL-L1, also calledCL-10) and collectin
placenta 1 (CL-P1 also called CL-12). The overall functions of collectins include
microbial aggregation and neutralisation, opsonisation, complement activation, and
modulation of inflammatory responses.

4.2 Structure of Collectins

Collectins are oligomers of trimeric subunits, For most collectins, the subunits are
homotrimers (made up of three identical polypeptides) but heterotrimers can be found
for SP-A, which is made up of highly homologous SPA-1 and SPA-2 polypeptides.
Hetrotrimers can also form in the case of CL-10 and CL-11 (Fig. 4.1). The subunit
of each collectin is composed of (i) a short N-terminal (7-28 amino acid residues)
cysteine-rich domain, involved in multimerisation (by disulphide bridging); (ii) a
collagen-like domain composed ofGly-X-Y triplets repeats, whereX andY represent
any amino acids; (iii) a short segment which can form coiled-coil helices, and (iv)

Fig. 4.1 Molecular structural representation and biological functions of human collectins. Col-
lectins are shown asmonomeric subunits, followed by trimeric subunits, composed of anN-terminal
domain, collagen-like region, α-helical coiled-coil neck region and C-terminal carbohydrate
recognition domain (CRD). Biological functions of each domain are also briefly described
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Fig. 4.2 Three-dimensional structures of trimeric human SP-A (a), SP-D (b), andMBL (c). Repre-
sentations of the trimeric “head” of collectins. These structures represent the ‘neck’, and the CRDs
of three polypeptides which make up the trimeric subunit. The helix interacts with a neighbouring
carbohydrate recognition domains (Kishore et al. 2006; Skjoedt et al 2012)

the C-terminal globular C-type lectin domain, also called the CRD (carbohydrate
recognition domain) (Uemura et al. 2006) (Fig. 4.1).

The triple-helical collagen region provides significant rigidity and stability to the
molecule (Colley and Baenziger 1987). Another structural feature of the collagen-
like domain of collectins is that it can be O-glycosylated (Colley and Baenziger
1987). Both MBL and SP-A show an interruption of the Gly-X-Y triplet repeats,
which introduces a bend in the otherwise straight triple helix. This enables the fully
assembled multi-subunit structure to angle away from the central core, producing
a structure resembling a bouquet of flowers (Fig. 4.2) (Voss et al. 1991). Several
distinct functions of the collagen domain of collectins have been reported. The col-
lagen domains of SP-A and MBL are involved in receptor-mediated properties. A
GEKGEP specific motif found within the collagen domain of MBL is suggested to
bind C1q receptor (Arora et al. 2001), andmediates the enhancement of phagocytosis
through C1qR (Arora et al. 2001). A similar motif is within the collagen domain of
SP-A (White et al. 1985), which is also involved in the interaction with C1q receptor
(Malhotra et al. 1992; Malhotra et al. 1990), and mediates phagocytosis of Staphy-
lococcus aureus by monocytes (Geertsma et al. 1994). Furthermore, the collagen
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domain of MBL is shown to bind MBL-associated serum proteases, MASP1, 2 and
3, which mediate complement activation via the lectin pathway (Thiel et al. 1997;
Tan et al. 1996). Additionally, the positively charged collagen region found in the
membrane bound CL-P1 is involved in the uptake of oxidised LDL particles (Ohtani
et al. 2001).

The cysteine residues found within the N-terminal domain (7-28 amino acids)
form disulphide bonds between monomers, thereby, stabilising trimeric subunits
as well as a larger multimers. It was believed that at least two cysteine residues are
required at the N-terminal domain for the formation ofmultimers of trimeric subunits
(Brown-Augsburger et al. 1996; McCormack et al. 1999; McCormack et al. 1997a,
b). However, in the case of CL-43, it is secreted as a single trimeric subunit, despite
having two cysteine residues (Rothmann et al. 1997; Lim et al. 1994a, b). Therefore,
other factors contribute to oligomerisation of trimeric subunits, in addition to the of
N-terminal cysteine residues.

The C-terminal region contains a coiled-coil trimerizing neck region (residues
112-130 in humanMBL) (Fig. 4.1), and the CRD (residues 134-245 in humanMBL)
which folds up into an independent globular carbohydrate–binding structure for each
polypeptide chain. Each subunit is held together covalently through disulphide bonds,
or non-covalently structured into oligomers of up to six subunits. C-type CRDs are
connected to the collagen-like domain through the ‘neck’ region (24-28 amino acid
residues) (Hoppe andReid 1994). Furthermore, the neck region is involved in aligning
the collagen chains.

4.2.1 Ligand Specificity of Collectins

A broad carbohydrate specificity is required by collectins in order to recognise and
bind a large repertoire of (pathogen-associated molecular patterns) PAMPs. Such
broad specificity is achieved by an open and flexible trough -like binding pocket
found within the CRDs. The selection of ligands by this site depends on the posi-
tioning of vicinal hydroxyl groups of sugars, which form coordination bonds with
a ligated calcium ion, hydrogen bonds and a polar Van der Waals contact (Ng et al.
1996). Ligand specificity of collectins is divided into twomain sub-classes (mannose-
binding or galactose-binding type), which is based on a three amino acid residue
motif found in the Ca++ ion binding site. The sequence 185-Glu-Pro-Asn is associ-
ated with binding of mannose-like sugars, while the sequence 185-Gln-Pro-Asp is
associated with binding galactose-like sugars. The molecular differences based on
which CRDs discriminate between mannose and galactose-type ligands depend on
the orientation of C3 and C4 vicinal hydroxyl groups presented on monosaccharides.
Mannose-specific CRDs bind ligands in which hydroxyl groups at the C3 and C4
positions are in an equatorial orientation (mannose, glucose, glucosamine), while in
galactose these vicinal hydroxyls are in an axial orientation (Drickamer and Taylor
2015). Inhibition studies using monosaccharides have shown that most likely, all the
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above described collectins, except CL-P1, prefer mannose ligands over galactose
(Ohtani et al. 2001; Holmskov et al. 1994).

However, a wider range of binding specificity has been reported forMBL and lung
surfactant proteins SP-A and SP-D, as these collectins are also capable of binding to
nucleic acids (Nadesalingam et al. 2003), phospholipids (Sano et al. 1999), as well
as non-glucosylated proteins.

Fucose, a hexose deoxy sugar is bound by mannose-specific CRDs in a different
manner as it has equatorial hydroxyl groups placed on its C2 and C3 position of the
sugar ring, not theC3andC4 (Weis et al. 1991a, b;Ng et al. 1996; Iobst andDrickamer
1994). Computational docking studies have demonstrated thatαD-glucose docks into
the CRD of SP-D via vicinal equatorial hydroxyl groups on the 2- and 3- position of
its sugar ring (Allen et al. 2001a, b). Although MBL affinity is reported to be very
low for monosaccharide galactose, MBL crystallographic studies demonstrate that
galactose is ligated in theMBL binding region via coordination bonds with hydroxyl
groups placed at C1 and C2 position of the sugar ring (Ng et al. 1996). In addition
to galactose and mannose, binding of collectins to a range of sugars has also been
studied (Holmskov et al. 1994); they exhibit preferences for certain sugar residues
over others. For instance, despite SP-D being structurally similar to conglutinin, it
displays a greater affinity for maltose, a glucose disaccharide, which is a weak ligand
for conglutinin. SP-D is suggested to have a lower affinity for GlcNAc, which is the
best ligand for conglutinin. Moreover, binding of CL-43 to sugars is closely related
to MBL, although the structure of CL-43 is closer to SP-D and conglutinin (Lu et al.
2002).

The sugar-binding specificity of CL-11/CL-K1 has been investigated (Venkatra-
man Girija et al. 2015). It has a larger recognition interface than MBL, and recog-
nises predominantly mannose-rich structures, interacting with two sugar residues at
a glycan terminal, rather than a single sugar.

4.3 Biosynthesis and Localisation of Collectins

HumanMBL is synthesised by hepatocytes and secreted into the blood stream (Sastry
et al. 1991; Ezekowitz et al. 1988; Hansen et al. 2000). Initially, MBL was isolated
from the liver of the rabbit, rat and chicken, where expression levels were detected
in the soluble cytosol, rather than on the cell surface. Two forms of MBL (MBL-A
and MBL-C) were detected in rodents (Hansen et al. 2000; Drickamer et al. 1986),
rabbits (Kawasaki et al. 1978; Kozutsumi et al. 1980) and rhesus monkeys (Mogues
et al. 1996). However, only one form of MBL is present in humans and chimpanzees
(Mogues et al. 1996). Although the liver is the main production site of MBL-A and
MBL-C in mice, mRNA expression of MBL was also detected in various tissues
(Table 4.1) (Shushimita et al. 2015). Substantial expression levels of MBL-A and
MBL-Cwere reported in kidney and intestine (Table 4.1). Detection ofMBL proteins
in the small intestine suggests that MBL may have similar roles to secretory IgA
(Reichhardt et al. 2012).
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Table 4.1 Origin of collectins and their tissue distribution

Collectins Tissues of origin Tissues of
presentation

Remarks

MBL Liver and small
intestine

Serum Two different
variants of MBL (A
and C) have been
identified in animals,
while only one
variant is found in
humans and
chimpanzee.

Conglutinin, CL-43
and CL-46

Bovine liver Serum These bovine
collectins plays an
important role in the
first line of defense
against rumen
microbes without
eliciting general
inflammatory
response

SP-A and SP-D Clara cells, intestinal
mucosa, thymus,
prostrate gland,
Eustachian tube,
paranasal sinuses,
middle ear, synovium

Alveolar space,
mucosal surfaces,
semen

Extrapulmonary
expression of SP-A is
limited to a few
organs, while SP-D
expression has been
detected in many
non-pulmonary
mucosal tissues

CL-P1 Placenta, and
vascular endothelial
cells

Endothelial cells CL-P1 is the only
membrane bound
collectin with an
intracellular domain.
It is suggested to play
many roles which
differ from those of
soluble collectins

CL-K1 Serum Different from all
other collectins, but
seems to have
functions
phylogenetically
similar to CL-L1

(continued)

The collectins SP-A and SP-D are primarily detected in the alveolar space of the
lungs, and synthesised by alveolar type-II cells (Table 4.1) (Voorhout et al. 1992,
Nayak et al. 2012), and nonciliated bronchial epithelial cells, also known as Clara
cells (Voorhout et al. 1992; Crouch et al. 1992). Although the lung is the main
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Table 4.1 (continued)

Collectins Tissues of origin Tissues of
presentation

Remarks

CL-L1 Liver and hepatocyte Ubiquitous Immunoblot analyses
using human liver
demonstrated that
CL-L1 was
distributed to the
cytoplasm. It is also
involved in
embryonic
development

site of SP-A and SP-D synthesis, presence of SP-D has also been reported at extra-
pulmonary sites. SP-D expression has been shown immunohistochemically in human
trachea, brain, heart, kidneys, testis, salivary gland, placenta, prostate, small intestine,
and pancreas (Table 4.1). A low expression level has been detected in spleen, uterus,
adrenal gland and mammary glands (Fisher and Mason 1995; Madsen et al. 2000;
Herías et al. 2007). Furthermore, immunoreactivity of SP-D has also been shown in
the epithelial cells of both small and large ducts of the parotid gland, lacrimal and
sweat glands, epithelial cells of intra-hepatic bile ducts and gall bladder, as well as
esophagus, exocrine pancreatic ducts, and in the urinary tract (Madsen et al. 2000;
Bräuer et al. 2007). In the case of SP-A, low levels are detected in small intestines
from human and rat (Table 4.1) (Lin et al. 2001, van Iwaarden et al. 1990). In addition
to its presence in the murine uterus, very low SP-A expression is found in human
prostate, amniotic fluid, thymus and salivary gland (Madsen et al. 2003). SP-A and
SP-D have also been localised in the fetal membranes, and choriodecidual layer of
the late pregnancy uterus (Miyamura et al. 1994). As a result of pulmonary microbial
infection, the protein levels of both SP-A and SP-D have been reported to increase in
the alveolar compartment (Atochina et al. 2001). Thus, the level of SP-D increases in
response to allergen-induced eosinophilia (Kasper et al. 2002), suggesting that both
SP-A and SP-Dmay function as acute phase reactants within the lungs. Furthermore,
hypoxia results in an increased concentration of both SP-A and SP-D in the alveolar
compartment (White et al. 2001).

Conglutinin, CL-46 and CL-43 are serum collectins identified in bovidae and
synthesised in the liver (Hansen et al. 2002). These collectins provide a first line
of defense against microbial pathogens. CL-L1 mRNA was detected in the liver,
and studies using Northern blot analysis have suggested that low levels occur in the
placenta. Although most collectins are secreted, CL-L1 was found in the cytosol of
hepatocytes,whichmay suggest its interactionwith intracellular ligands (Ohtani et al.
1999). The presence of CL-P1 was reported in vascular endothelial cells (Table 4.1);
CL-P1 is suggested to be membrane bound, and it contains an intracellular domain
(Ohtani et al. 2001). Expression ofMBL, SP-A andSP-D at themucosal surfaces sug-
gest the innate immune roles of these collectins against invading pathogens. During
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Helicobacter pylori infection, an increased level of SP-D has been detected, sug-
gesting the possible role of SP-D in the mucosal defense outside the lungs (Murray
et al. 2002), eg. gastrointestinal tract.

4.4 Role of Collectins in Microbial Infection

Collectins are important soluble pattern-recognition receptors (PRRs) of the humoral
arm of the innate immune response. Collectins are able to recognise and bind to a
wide variety of microbes and are involved in their clearance and forming a central
link to adaptive immunity against microbial infections. In this section, we will dis-
cuss the well-known collectins: MBL, SP-A and SP-D, as well as newly discovered
collectins: liver collectin (CL-L1), kidney collectin (CL-K1), and placenta collectin
(CL-P1). We will also briefly discuss bovine collectins, conglutinin, CL-43 and CL-
46. Microbes can be cleared by collectins via a number of mechanisms such as
aggregation, opsonisation, phagocytosis, microbial growth inhibition, complement
activation, as well as modulation of adaptive immunity.

4.5 Interaction of Collectins with Bacteria

4.5.1 SP-A and SP-D

Pulmonary surfactant is composed of 90% phospholipids and 10% proteins (made
up of surfactant proteins, SP-A, SP-B, SP-C and SP-D. Whilst, SP-B and SP-C are
hydrophobic and essential for the physiology of the alveolar surfaces, SP-A and
SP-D are hydrophilic and contribute to lung immunity. An early study showed that
pulmonary surfactant enhanced the killing of Staphylococcus aureus by alveolar
macrophages (AM), in vitro (LaForce et al. 1973). Both Gram-negative and Gram-
positive bacteria are recognised by SP-A and SP-D, enhancing their phagocytosis by
AMs (Fig. 4.3) (Pikaar et al. 1995). For Gram-negative bacteria, SP-A and SP-D both
bind to lipopolysaccharide (LPS) but differ in preferential targets on the molecule.
SP-A binds to the lipid A moiety of rough LPS (which lacks the O-antigen and
shortened oligosaccharides) (Van Iwaarden et al. 1994), and enhances phagocytosis
of bacteria by AM (Kalina et al. 1995), but not to smooth LPS (which contains the
O-antigen) (Van Iwaarden et al. 1994). In contrast, SP-D binds strongly to smooth
LPS from Escherichia coli and Salmonella species but does not recognise the lipid A
moiety or oligosaccharide deficient LPS (Kuan et al. 1992). This indicates that SP-
D preferentially targets the core terminal saccharides in the bacterial ligand, whilst
SP-A prefers lipid A. SP-D has also able been shown to bind to rough LPS via its
trimeric carbohydrate recognition domain (CRD), (targeting shortened oligosaccha-
rides) and agglutinating E. coli (Kuan et al. 1992), and rough LPS from Klebsiella
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Fig. 4.3 Multiple functions of SP-A and SP-D in human health and disease

pneumoniae and Pseudomonas aeruginosa (Lim et al. 1994a, b; Kishore et al. 1996).
In addition to LPS, SP-A is able to bind to capsular polysaccharides of Klebsiella
species, enhancing their phagocytosis byAM (Kabha et al. 1997). However, bacterial
peptidoglycan is not a ligand for SP-A (Murakami et al. 2002).

SP-A and SP-D directly inhibit the growth of several Gram-negative bacteria by
increasing the membrane permeability of the bacterial cell wall (Fig. 4.3) (Wu et al.
2003). SP-A and SP-D also inhibit biosynthetic functions in strains of E. coli, K.
pneumoniae and Enterobacter aerogenes (Wu et al. 2003). Similarly, SP-A inhibits
the growth of P. aeruginosa by increasing membrane permeability (Van Iwaarden
et al. 1994), but the bacterium can resist through quorum-sensing and the secretion of
a flagellum-mediated exoprotease that degrades SP-A (Kuang et al. 2011a). Further-
more, SP-A downregulates TNF-α secretion via toll-like receptor 2/NF-κBmediated
pathway, indicating its role in modulating inflammatory responses against bacte-
rial ligands (Murakami et al. 2002). SP-A can bind to the outer membrane protein
(OMP) of Haemophilus influenzae type A and to a lesser extent, type B (McNeely
and Coonrod, 1994). SP-A can also aggregate and opsonise H. influenzae type A,
facilitating killing by AM (McNeely and Coonrod 1994). Similarly, SP-A binds to
the capsular polysaccharide of some strains ofK. pneumoniae, agglutinating the bac-
teria and increase phagocytosis by macrophages (Kabha et al. 1997), and treatment
with SP-A plus SP-BN (N-terminal saponin domain of SP-B) significantly reduced
bacterial infection and enhanced neutrophil recruitment (Coya et al. 2015). SP-A
has a bacteriostatic effect on Mycoplasma pneumoniae via binding to di-saturated
phosphatidylglycerols on the bacterial membrane (Piboonpocanun et al. 2005). SP-A
can interact withMycobacterium tuberculosis putative adhesin Apa glycoprotein on
its surface (Ragas et al. 2007). SP-D can also bind to Gram-positive bacterial lig-
ands such as lipoteichoic acid and peptidoglycan via its CRD (van de Wetering et al.
2001) and to lipoarabinomannan (LAM) from M. tuberculosis and Mycobacterium
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avium (Ferguson et al. 1999; Kudo et al. 2004). SP-D is also able to interact with
cell membrane lipids of M. pneumoniae (Chiba et al. 2002).

It is intriguing that although both SP-A and SP-D bind and agglutinateM. tuber-
culosis, they have opposing effects on phagocytosis bymacrophages. SP-A enhances
phagocytosis via increased expression of mannose receptor on the host cell surface
(Beharka et al. 2002), whilst SP-D inhibits phagocytosis by blocking the interaction
of LAM with macrophage mannose receptor, and not as a result of bacterial agglu-
tination by SP-D (Ferguson et al. 1999, 2002). In a mouse model of tuberculosis
infection, SP-A−/−, SP-D−/−, and SP-A/D−/− knockout mice still had the ability to
phagocytose and clear M. tuberculosis when given a low-dose aerosol challenge of
the pathogen, suggesting that both SP-A and SP-D could be redundant in this animal
model (Lemos et al. 2011). Similarly, both SP-A andSP-D can also bind toLegionella
pneumophila, but seem to inhibit intracellular bacterial growth in the macrophage
(Sawada et al. 2010).

SP-A and SP-D can also directly facilitate phagocytosis without the need for
microbial binding, by up-regulating the expression of cell surface phagocytic recep-
tors in macrophages, such as mannose receptor (Beharka et al. 2002; Kudo et al.
2004). InSP-A−/− knockoutmice, expressionofmannose receptor is down-regulated,
showing that SP-A is important in regulating the expression of this receptor (Beharka
et al. 2002). Similarly, SP-A is able to enhance phagocytosis of Streptococcus pneu-
moniae byAM, independent of its binding to the bacterium, via the increased expres-
sion of scavenger receptor A (SR-A) (Kuronuma et al. 2004). Interestingly, the vast
majority of clinical strains of the opportunist Pseudomonas aeruginosa secrete an
elastase that degrades SP-A and facilitates evasion of opsonisation by the collectin
during phagocytosis (Kuang et al. 2011b).

SP-A and SP-D can play important roles in modulating the intracellular envi-
ronment after phagocytosis by stimulating reactive oxygen and nitrogen intermedi-
ates facilitating the killing of intracellular pathogens. This is of particular note in
mycobacteria, which are specialist intracellular bacteria. SP-A enhances the killing
of intracellular Mycobacterium bovis BCG by increasing nitric oxide (NO) produc-
tion, in addition to enhancing the release of inflammatory mediators such as TNF-α
(Weikert et al. 2000). In contrast, in IFN-γ primed AM, SP-A decreases NO pro-
duction in response to intracellular infection with M. tuberculosis and M. avium by
inhibiting TNF-α secretion and nuclear factor-kappa B (NF-κB) activation (Pasula
et al. 1999; Hussain et al. 2003). SP-A can also enhance the intracellular killing of
Mycoplasma pulmonis via a NO dependent mechanism (Hickman-Davis et al. 1998).

Bacteria-derived cell-wall molecules such as LPS and peptidoglycan are potent
stimulators of inflammation and can also interact with pattern-recognition receptors
(PRRs) such as CD14 or toll-like receptors (TLR), via pathogen-associated molec-
ular patterns (PAMPs), and activate downstream intracellular signalling. SP-A and
SP-D can also directly bind to PRRs (e.g. TLR and CD14) and thus can modulate the
inflammatory response. SP-A and SP-D can alter LPS interactions with CD14 via
different mechanisms (SP-A via neck domain; SP-D via CRD) (Sano et al. 2000).
Furthermore, via direct interaction with CD14, SP-A inhibits production of TNF-
α induced by smooth LPS, but not rough LPS in U937 macrophages (Sano et al.
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1999). In SP-A−/− knockout mice, TNF-α induced by smooth LPS, significantly
increased, compared to wild-type mice (Borron et al. 2000), whilst SP-A has also
been shown to inhibit TNF-α induction by peptidoglycan via direct binding to TLR-2
(Murakami et al. 2002). Thus, SP-A significantly decreases peptidoglycan or smooth
LPS-induced pro-inflammatory responses (via NF-κB activation). SP-A has no effect
or increases the inflammatory response induced by rough LPS. In tuberculosis, SP-A
has pleiotropic effects being able to promote inflammation in the presence of infec-
tion and suppresses inflammation in uninfected macrophages, probably protecting
uninfected lung areas from the deleterious effects of inflammation (Gold et al. 2004).

In humans, SP-A exists in two isoforms, SP-A1 and SP-A2, which are encoded by
distinct genes. Fully assembled SP-A protein contains both gene products. A number
of studies have described polymorphisms in these genes and the SP-D gene which
may have a role in susceptibility to microbial infection, particularly tuberculosis.
Polymorphismswithin and flanking the SP-A1 and SP-A2 genes have been described
which indicate protection or susceptibility toward pulmonary TB in the populations
studied in Mexico, Ethiopia, India and China (Floros et al. 2000; Madan et al. 2002;
Malik et al. 2006; Vaid et al. 2006; Yang et al. 2014). Two SP-A1 alleles (SFTPA1
307A, SFTPA1 776T) and two SP-A2 alleles (SFTPA2 355C and SFTPA2 751C)
were associated with tuberculosis susceptibility in Ethiopia (Malik et al. 2006). The
SFTPA2 751A/C polymorphism and the haplotype 1A3 in SP-A2, which both affect
the amino acids in CRD region of SP-A, may alter binding to M. tuberculosis and
thus were found to be strongly linked with tuberculosis susceptibility (Malik et al.
2006). Another study also found two polymorphisms (SP-A2 G1649C and SP-A2
A1660G) in the introns of SP-A1 that were associated with tuberculosis in an Indian
population, but none in the SP-A1 gene (Madan et al. 2002). In a Chinese population,
the polymorphism 1649G in the SP-A2 gene was strongly associated with tuberculo-
sis, mirroring the findings in the Ethiopian and Indian populations (Yang et al. 2014).
The SP-A2 1649G leads to a transversion (proline to alanine), affecting the triple
helical structure of SP-A (Yang et al. 2014). In SP-D, the polymorphism, G459A,
is significantly associated with tuberculosis susceptibility in an Indian population,
but the molecular basis for susceptibility is not understood (Vaid et al. 2006). These
observations illustrate the complexities of host-pathogen interactions in bacterial
infection mediated by these collectins.

4.5.2 MBL

MBL is the recognition subcomponent of the lectin pathway of the complement sys-
tem and is present mostly in the serum. The structure of MBL is similar to that of
SP-A, and in the presence of Ca2+, it has been observed to target terminal sugars (e.g.
d-mannose, l-fucose, and N-acetyl-d-glucosamine), on the surface of a number of
Gram-positive and Gram-negative bacterial species (Ip et al. 2009; Lugo-Villarino
et al. 2011). The binding of MBL to microbial surfaces can activate complement
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through MBL-associated serine proteases (MASPs), resulting in enhanced micro-
bial clearance via opsonisation (C3 and C4 deposition) and complement-mediated
lysis. However, MBL also has complement-independent activity such as inhibition
of bacterial adhesion (Jack et al. 2005) and opsonisation to enhance bacterial uptake
(Kuhlman et al. 1989; Polotsky et al. 1997; Jack et al. 2005). Strong in vitro binding
of MBL to S. aureus, Streptococcus pyogenes, Listeria monocytogenes and non-
encapsulated Neisseria meningitidis has been described (Levitz et al. 1993; van
Emmerik et al. 1994; Neth et al. 2000). Moderate levels of MBL binding were
observed in E. coli, Haemophilus influenzae and Klebsiella species, whilst no bind-
ing has been observed for P. aeruginosa, Enterococcus species and Streptococcus
pneumoniae (Levitz et al. 1993; van Emmerik et al. 1994; Neth et al. 2000). Bacterial
pathogens have involved strategies to interfere with MBL binding and functions for
survival, via the synthesis of a polysaccharide capsule and sialylation of LPS ligands
on the bacterial surface which reduces the binding of MBL (Jack et al. 2005; Krarup
et al. 2005). This effectively masks or alters the bacterial ligands for MBL interac-
tion. A number of studies have characterised the bacterial ligands for MBL. MBL is
able to bind to peptidoglycan and lipoteichoic acid from S. aureus (Polotsky et al.
1996; Nadesalingam et al. 2005a, b), LAM from M. avium (Polotsky et al. 1997),
and mannosylated lipoarabinomannan (ManLAM) from a number of mycobacteria
(M. tuberculosis, M. bovis, M. kansasii, M. gordonae and M. smegmatis) (Bart-
lomiejczyk et al. 2014). There is also a report of MBL binding to the antigen 85
(Ag85) complex of M. tuberculosis (Swierzko et al. 2016). Neisseria (M. meningi-
tidis and M. gonorrhoeae) are Gram-negative diplococci that have shorter versions
of LPS on their surface called lipooligosaccharides (LOS) that are commonly ter-
minated in sialic (neuraminic) acid, instead of the O-antigen. Neisseria bacteria are
able to decrease binding of MBL to their surface by the sialylation on LOS (Jack
et al. 1998; Devyatyarova-Johnson et al. 2000; Jack et al. 2001; Gulati et al. 2002).
M. meningitidis can also interfere with MBL binding through encapsulation (van
Emmerik et al. 1994), whilst M. gonorrhoeae is not able to form capsules. Encap-
sulation seems to be less robust at decreasing MBL binding than sialyation of LOS
(Jack et al. 1998). Bound MBL can activate complement and the ability of Neis-
seria species to cascade complement all the way to C9 (membrane attack complex
(MAC)) is crucial for protection against infection, since they are otherwise poorly
phagocytosed by neutrophils and macrophages when opsonised by C3 (Ross and
Densen 1984). MBL bound to the surface of Neisseria is able to increase bacterial
killing via increased complement activation (Jack et al. 1998, 2001; Gulati et al.
2002), and similar observations of bactericidal activity have been reported for E. coli
and Salmonella species (Kawasaki et al. 1989; Ihara et al. 1991). For most other bac-
teria, complement activation to the C3 deposition stage is enough for protection via
increased phagocytosis through opsonisation by complement products on the bacte-
rial cell surface. MBL can increase C3b deposition on S. aureus (Neth et al. 2002),
but this does not appear to result in increased complement activation (Cunnion et al.
2001). MBL targets wall teichoic acid in S. aureus and this interaction is particularly
important in infants that have not developed adaptive immunity, leading to bacterial
clearance via MBL-mediated complement activation (Kurokawa et al. 2016).
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In addition to its complement-mediated activities, MBL is also has various intrin-
sic effects, being able to act as anopsonin independently andother direct effects.MBL
enhances uptake and intracellular killing of Salmonella by neutrophils andmonocytes
(Kuhlman et al. 1989), but this may also involve interaction with fibronectin (Ghiran
et al. 2000). Recently, MBL has also been shown to have a direct inhibitory effect on
flagellar activity in pathogenic Salmonella bacteria, impairing theirmotility (Xu et al.
2016). MBL can also increase uptake of mycobacteria by macrophages (Polotsky
et al. 1997) and N. meningitidis by neutrophils, monocytes and macrophages (Jack
et al. 2001), but this uptake by neutrophils may not result in intracellular killing
(Drogari-Apiranthitou et al. 1997). MBL also appears to improve the efficiency of
internalisation of bacteria bound to the macrophage plasma membrane (Neth et al.
2002). MBL co-interacts with TLR2 in sensing S. aureus and thus influencing the
subsequent inflammatory response (Nauta et al. 2003; Ip et al. 2008).

MBL deficiency increases susceptibility to microbial infection even though the
majority of MBL-deficient individuals are usually healthy (Eisen and Minchinton
2003). The concentration of MBL in the plasma varies considerably in humans (0–
10, 000 ng/ml) due to polymorphisms in the MBL gene (Steffensen et al. 2000).
MBL deficiency is commonly observed in around 25% of Caucasians (having low
levels (<500 ng/ml)), which renders them susceptible to infection (Valdimarsson
et al. 2004). MBL-deficient mice are susceptible to S. aureus infection (Shi et al.
2004), whilst MBL deficiency increases susceptibility to postburn infection with P.
aeruginosa (Moller-Kristensen et al. 2006). A large cohort study has also found
a strong association between MBL deficiency and meningococcal infection, and
pneumococcal pneumonia, in patients undergoing chemotherapy (Gaynor et al. 1995;
Kronborg et al. 2002; Roy et al. 2002). In contrast, normal or increased levels ofMBL
are linked to frequent infection with M. tuberculosis and M. leprae (Garred et al.
1994, 1997b), probably through complement-mediated phagocytosis of the pathogen.
Up to 30% of healthy individuals have polymorphisms linked to MBL deficiency
and these, together with serum levels, have been associated with susceptibility to
tuberculosis and other inflammatory diseases in some ethnic populations (Takahashi
and Ezekowitz 2005; Thiel et al. 2006; Goyal et al. 2016).

4.5.3 CL-L1, CL-K1, CL-P1 and the Bovine-Unique
Collectins, Conglutinin, CL-43 and CL-46

Of the three more recently discovered collectins (CL-L1, CL-K1, CL-P1), CL-L1
and CL-P1 have been shown to have bacterial interactions. CL-K binds to E. coli,
K. pneumoniae, P. aeruginosa and M. tuberculosis (Keshi et al. 2006; Hansen et al.
2010; Troegeler et al. 2015), whilst CL-P1 can bind to E. coli and S. aureus (Ohtani
et al. 1999; Jang et al. 2009). Both CL-L1 and CL-K1 can activate the complement
lectin pathway as can the heteromeric form CL-LK, which interacts with the MASPs
(Henriksen et al. 2013). CL-P1 can activate the alternative and classical pathways
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via its interaction with C-reactive protein (CRP) (Roy et al. 2016). There is lim-
ited data on the activity of CL-LK in vivo and in vitro, but due to average serum
concentrations being below that of MBL (0.3 μg/ml vs. 1.5 μg/ml), pathogen recog-
nition and clearance through complement activation is likely to have a minor role
to play for these collectins. It is not clear whether these collectins can act directly
as opsonins in a complement-independent manner. CL-L1 can bind d-mannose, N-
acetylglucosamine,d-galactose, l-fucose and d-fructose in aCa2+ dependentmanner
(Ohtani et al. 1999; Axelgaard et al. 2013). Similarly, CL-K1 can also bind l-fucose,
d-mannose and N-acetylmannosamine (Ohtani et al. 1999; Hansen et al. 2010). Fur-
thermore, CL-LK was recently demonstrated to be a PRR forM. tuberculosis, being
able to primarily target mannose-capped lipoarabinomannan (ManLAM), in a Ca2+

dependent manner, on the surface of the mycobacterium, but not to M. smegmatis
due to the lack of mannose caps on its LAM (Troegeler et al. 2015). Mice deficient in
CL-K1 did not show altered susceptibility to M. tuberculosis infection and CL-LK
opsonisedM. tuberculosis did not result in altered phagocytosis or intracellular sur-
vival of the pathogen in human macrophages (Troegeler et al. 2015). Interestingly,
the levels of CL-LK in serum of tuberculosis patients is reduced, compared to con-
trols, correlating inversely to the immune response toM. tuberculosis and suggesting
that it may be useful as a biomarker for the disease (Troegeler et al. 2015).

Conglutinin was the first mammalian collectin to be discovered and is found in
Bovidae, together with other lesser known collectins (CL-43 and CL-46) (Hansen
and Holmskov 2002). Conglutinin is similar in overall structure to SP-D and is able
to bind to microbial surfaces in the presence of Ca2+ (Hansen and Holmskov 2002).
Conglutinin is secreted by the liver and found predominantly in bovine serum at an
average concentration of 12 μg/ml (Holmskov et al. 1998). Conglutinin has been
shown to have anti-microbial properties. Low serum levels of conglutinin have been
associated with acute infections (e.g. pneumonia and metritis) and predisposition to
respiratory infection (Ingram andMitchell 1971; Holmskov et al. 1998). Conglutinin
is able to bind many microbes, including Gram-negative bacteria such as E. coli and
Salmonella typhimurium (Friis-Christiansen et al. 1990; Friis et al. 1991), LPS and
peptidoglycan (Wang et al. 1995) and Gram-positive bacteria such as mycobacteria
(Dec et al. 2012; Mehmood et al. 2019). Conglutinin is uniquely able to bind to
iC3b, via the mannose sugars on the α-chain of iC3b (Laursen et al. 1994). Con-
glutinin is able to bind and agglutinate iC3b-coated erythrocytes (Lachmann and
Muller-Eberhard 1968; Laursen et al. 1994), and as well as E. coli, increasing the
respiratory burst of phagocytes (Friis et al. 1991). Conglutinin has also been shown
to be protective against bacterial infection in vivo, being able to increase the survival
of mice experimentally infected with highly virulent strains of S. typhimurium (Friis-
Christiansen et al. 1990). A recombinant truncated form of conglutinin, composed of
theα-helical neck region and theCRDof conglutinin (Wang et al. 1995), was recently
shown to bind to able to bind to the vaccine strainMycobacterium bovisBCG (proba-
bly via LAM), and act as an anti-opsonin both in the presence and absence of comple-
ment deposition. Thus, Conglutinin can interfere with the uptake of the bacterium by
THP-1 macrophages and alter their inflammatory response (Mehmood et al. 2019).
This suggests that conglutinin interfers with uptake of mycobacteria bymacrophages
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via two important mechanisms: (1) blocking interaction of mycobacterial LAMwith
mannose receptor, and (2) blocking iC3b interactionwith complement receptors CR3
and CR4 (Mehmood et al. 2019). These data potentially have important implications
for bovine tuberculosis.

CL-43 and CL-46 are also bovine-unique collectins, but their role in the physi-
ology and innate immunity against bacteria has not been fully studied. There is one
report of CL-43 binding to E. coli strain K12, enhancing attachment to phagocytes
(Hansen and Holmskov 2002).

4.6 Interaction of Collectins with Viruses

4.6.1 SP-A and SP-D

There are numerous studies that describe direct interaction of SP-A and SP-D with a
range of viruses, enhancing their phagocytosis, as well as neutralising viral infection
of host cells (Fig. 4.3). Experiments on SP-A−/− and SP-D−/− knockoutmice infected
with influenza A virus (IAV) suggest that both collectins are protective, but this is
dependent on viral strain-specific factors, such as the nature of glycosylation in HA
and NA (LeVine et al. 2001, 2002; Hawgood et al. 2004). Also, mice lacking both
SP-A and SP-D, have an IAV infection phenotype almost identical to SP-D−/− mice
(Hawgood et al. 2004). Moreover, SP-D, but not SP-A, enhanced the clearance of
IAV infection in the mouse lung (LeVine et al. 2001). Thus, these studies suggest that
SP-D plays a more significant role than SP-A in the host innate immune response to
infection with IAV.

SP-A binds to IAV, neutralises the virus and inhibits the release of viral parti-
cles from infected cells, by targeting mannose residues of viral surface haemagglu-
tinin (HA) or neuraminidase (NA) (Malhotra et al. 1994; Benne et al. 1995). SP-D
strongly inhibits hemagglutination activity of IAV, resulting in viral aggregation and
neutralisation (Hartshorn et al. 1994). SP-D is also able to inhibit NA activity, with
inhibition being stopped in the presence of D-mannose (Reading et al. 1997). SP-D
has a stronger inhibitory effect on NA compared to SP-A (Tecle et al. 2007). SP-D
binds to mannosylated, N-linked sugars on viral HA and NA via its CRD, resulting
in potent anti-IAV infectivity (Hartshorn et al. 1994, 2000). SP-D was able to inhibit
virus-induced HA activity, block the enzymatic activity of viral NA, and neutralise
the ability of seasonal H1N1 strains of IAV to infect human respiratory epithelial
cells (Job et al. 2010). However, in the same study, some pandemic H1N1were found
to be resistant to SP-D inhibition that correlated with the degree of N-glycosylation
in the globular head of HA (Job et al. 2010). It has been shown that porcine SP-D
has an increased ability to inhibit, not just seasonal IAV strains, but also a number of
pandemic and avian strains (van Eijk et al. 2003; Hillaire et al. 2012). This is impor-
tant as pigs are a source of IAV pandemic strains (H1N1) that can be transmitted
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to humans, so studying porcine SP-D could provide further insights into this host
reservoir.

A recombinant truncated form of SP-A (rfhSP-A) made up of α-helical neck
and CRD, promotes IAV infection, replication, upregulation of viral factors (M1) in
lung epithelial A549 cells and enhances the pro-inflammatory response (Al-Qahtani
et al. 2019). This contrasts with full-length SP-A which inhibits IAV infection and
dampens the pro-inflammatory response, demonstrating that the full-length SP-A
molecule is required for IAV protection (Al-Qahtani et al. 2019). However, in a
similar study, a recombinant truncated form of SP-D (rfhSP-D) was shown to inhibit
IAV entry, down-regulate viral factors (M1) and down-regulate the pro-inflammatory
response (Al-Ahdal et al. 2018). These opposing effects of rfhSP-A and rfhSP-D
provide further insight into IAV pathogenesis and the possible utility of rfhSP-D as a
therapeutic molecule. In bronchoalveolar lavage (BAL), SP-D enhances IAV uptake
and virus-induced respiratory burst by neutrophils (White et al. 2005), but other
collectins (SP-A), mucins and gp-340 dampen SP-D’s effect, and thus, significantly
reduce the ability of SP-D to promote neutrophil oxidative response (White et al.
2005). Therefore, the net effect of BAL is to increase neutrophil uptake of IAVwhile
reducing the respiratory burst response to virus (White et al. 2005).

SP-A is also able to bind to herpes simplex virus type 1 (HSV-1) via viral N-linked
sugars and enhance phagocytosis of the virus by macrophages (van Iwaarden et al.
1991; Van Iwaarden et al. 1992a, b). The mechanism of binding of SP-A to HSV-1 is
similar to binding to IAV, involving interaction with the sialylated carbohydrate on
the collectin’s CRD. SP-A also has an opsonin activity, increasing uptake of HSV-1
by AM (van Iwaarden et al. 1991). Similarly, SP-A binds to cytomegalovirus and
enhances viral entry into rat lung cells (Weyer et al. 2000). It is unknown whether
SP-D has any activity against other Herpesviridae. SP-A is able to bind to respiratory
syncytial virus (RSV) targeting the F2 subunit of the viral F antigen and is able neu-
tralise the virus (Ghildyal et al. 1999; Sano et al. 1999, 2000). Children with severe
RSV infection have reduced levels of SP-A and SP-D in BAL samples compared
to healthy controls (Kerr and Paton 1999). In SP-A−/− knockout mice, RSV infec-
tion was more severe than in SP-A+/+ mice and the addition of exogenous SP-A to
SP-A−/− mice reduced viral load and inflammation, and enhanced RSV clearance
(LeVine et al. 1999). SP-D can bind to RSV protein G and is able to neutralise RSV
infectivity in vitro (Hickling et al. 1999). Interestingly, RSV itself can alter SP-A
expression in human pulmonary epithelial cells, upon infection by interfering with
protein translation (Bruce et al. 2009). SP-A binds to Human Immunodeficiency
Virus 1 (HIV-1) via the viral envelope gp120 glycoprotein and inhibits direct infec-
tion of CD4+ T cells (Gaiha et al. 2008). Yet, in dendritic cells (DC), SP-A increases
HIV uptake, through enhanced binding to gp120 and facilitates transfer of HIV from
DC to CD4+ T cells (Gaiha et al. 2008). SP-D is also able to bind to HIV gp120 and
inhibit viral infectivity (Meschi et al. 2005), whilst rfhSP-D was also able to bind
to gp120 and prevent infection of Jurkat T cells, U937 monocytic cells and PBMC,
and significantly suppress the HIV-1 induced cytokine storm in these cells (Pandit
et al. 2014). Interestingly, a direct protein–protein interaction between rfhSP-D and
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DC-SIGN (dendritic cell-specific intercellular adhesion molecule-3-grabbing non-
integrin) modulates the capture of HIV-1 and its transfer to CD4+ T cells, revealing
a novel and distinct anti-viral mechanism against HIV-1 by SP-D (Dodagatta-Marri
et al. 2017). This same rfhSP-D has also been recently shown to restrict the transfer of
HIV across the vaginal epithelial barrier, by altering the gene expression signature of
the epithelium (Pandit et al. 2019). These recent studies demonstrate the therapeutic
potential of rfhSP-D against HIV infection.

Elevated levels of serum SP-D have been reported in severe acute respiratory
syndrome (SARS) coronavirus infected patients (Wu et al. 2009). SP-D is able to
bind to the glycosylated spike protein (S-protein) on the SARS coronavirus (Leth-
Larsen et al. 2007). Both SP-A and SP-D bind to coronavirus strain HCoV-229E,
and inhibit viral infection of human bronchial epithelial (16HBE) cells. Whilst SP-A
only modestly reduced infection in AM, whereas SP-D had no effect (Funk et al.
2012). Human and porcine SP-D can interact with Ebola virus glycoprotein and
enhance viral infection in pulmonary cells, suggesting that SP-D may enhance viral
spread (Favier et al. 2018). SP-A has been shown to enhance clearance of pulmonary
adenovirus infection and inhibit lung inflammation (Harrod et al. 1999). Bovine SP-
D is also able to bind to bovine rotaviruses via the VP7 glycoprotein and neutralise
infectivity (Reading et al. 1998). SP-D binds to the A27 protein of vaccinia virus. SP-
D−/− knockout mice challenged with vaccinia virus resulted in increased mortality,
compared to SP-D+/+ mice, suggesting that SP-Dhas a protective role against vaccinia
infection (Perino et al. 2013).

4.6.2 MBL

MBL is able to interact with a number of viral pathogens and its effect is generally
protective, although there are examples of negative as well as positive outcomes
for infection as a result of MBL-mediated binding (Fig. 4.4). Several studies have
shown that MBL is a potent inhibitor of IAV infection (Hartley et al. 1992; Hartshorn
et al. 1993b; Reading et al. 1995, 1997). Moreover, MBL also has the added ability
to deposit complement on IAV-infected cells (Reading et al. 1995). There are also
elevated levels of MBL in the lung during IAV infection, suggesting that it may be
important for protection against IAV pathogenesis (Reading et al. 1997; Fidler et al.
2009). MBL can inhibit viral hemagglutination and directly neutralise IAV in either
a complement-dependent or independent manner (Hartshorn et al. 1993b; Anders
et al. 1994; Kase et al. 1999). MBL binds to IAV HA and NA, and without involving
complement, neutralises the virus (Kase et al. 1999). However, some IAV strains are
resistant to the effects of MBL which is dependent on the degree of glycosylation on
the viral HA globular domain (Reading et al. 1997; Job et al. 2010; Tokunaga et al.
2011). Furthermore, MBL−/− mice were more susceptible to infection from highly
glycosylated viral strains of IAV than wild-type mice (Chang et al. 2010). However,
pandemic strain H1N1 and avian influenza A H9N2 produced more severe disease
(enhanced production of pro-inflammatory response) in wild-type mice compared
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Fig. 4.4 Anti-viral activity of mannose-binding lectin (MBL). MBL binds to viruses, including
influenza virus, acting as an opsonin (not through direct neutralisation), eliminating viral particles
by phagocytosis. Binding of MBL to carbohydrate groups found on the surface of viral particles
triggers the lectin activation pathway of complement leading to lysis

to MBL−/− mice, suggesting that MBL may have a deleterious effect in some IAV
infections (Ling et al. 2012).

MBL is able to neutralise HIV-1 in vitro by binding to the N-linked mannose
glycans of viral gp120, and binding to HIV-1 infected CD4+ T cells and monocytes
and inhibiting reverse transcriptase activity (Ezekowitz et al. 1989; Teodorof et al.
2014). Another study has also shown MBL can also bind to viral gp41 as well as
gp120 (Saifuddin et al. 2000), whilst MBL also activates complement on gp120
binding (Haurum et al. 1993). Studies have shown a tentative link between low
levels of MBL and increased risk of HIV-1 transmission or progression to AIDS,
but this remains contentious (Garred et al. 1997a; Takahashi and Ezekowitz 2005;
Ballegaard et al. 2014). There has also been a report of a positive correlation between
the rate of AIDS progression andMBL plasma concentration (Mangano et al. 2008).
However, other studies have found no correlation between MBL levels and AIDS
disease progression (Nielsen et al. 1995; McBride et al. 1998). In general, SP-D is
better able to inhibit HIV-1 than MBL, but as is the case for MBL, SP-D’s inhibitory
activity against HIV-1 is lower than what has been observed for IAV (Meschi et al.
2005). MBL has also been shown to contribute to HIV-1 pathogenesis, where MBL
mediates enhancement of HIV-1 dissemination to the brain by soluble gp120, which
is taken up by the CXCR4 receptor on neurones, and then intracellularly trafficked by
MBL, thus resulting in the apoptosis of neuronal cells (Bachis et al. 2006; Teodorof
et al. 2014).

Epidemiological studies have revealed association of MBL with hepatitis B virus
(HBV) and hepatitis C virus (HCV) infection and disease severity, based on genetic
polymorphisms (Thomas et al. 1996; Matsushita et al. 1998; Yuen et al. 1999; Sasaki
et al. 2000; Hakozaki et al. 2002). However, one study found no link between MBL
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polymorphisms and HBV infection (Hohler et al. 1998). MBL is able to bind to HCV
envelope glycoproteins, E1 andE2, and is able to activate complement (viaMASP-2),
resulting in the neutralisation of HCV particles (Brown et al. 2010). MBL probably
binds to N-linked glycosylated forms or HBV surface antigen (HBsAg) (Brown et al.
2007), but it is unknown whether this interaction neutralises the infectivity of the
virus.

MBL is also able to bind to Ebola virus via its envelope glycoprotein (GP), which
contains high mannose glycan sites, and is able to inhibit the binding of Ebola (and
Marburg) viruses to DC-SIGN, blocking attachment to host cells and also neutralise
the virus through complement activation (Ji et al. 2005). Furthermore, soluble GP is a
key component of Ebola viral pathogenesis and MBL was found to be able to negate
GP activity and the virally induced cytokine storm (Escudero-Perez et al. 2014), and
thus MBL could be involved in protection against increased vascular permeability
which is a characteristic of Ebola haemorrhagic disease. Nevertheless, high dose
MBL therapy in a mouse model, where mice we given recombinant human MBL at
levels greater than seven times above average human levels, survived otherwise fatal
Ebola viral infection and became resistant to reinfection (Michelow et al. 2011).

There is limited or circumstantial data on the interaction of MBL with a number
of other viral pathogens. In mice, MBL appears to modulate the immune responses
to HSV-2 (Gadjeva et al. 2004), MBL deficiency seems to be linked with recurrent
infections (Gadjeva et al. 2004; Seppanen et al. 2009).MBL also binds to flaviviruses
such as Dengue and West Nile virus and is able to neutralise infection through
complement-dependent and independent mechanisms (Avirutnan et al. 2011; Fuchs
et al. 2011). Genetic polymorphism affecting MBL serum levels may also contribute
to the pathogenesis and disease severity of Dengue fever (Avirutnan et al. 2011).

4.6.3 CL-L1, CL-K1, CL-P1 and the Bovine-Unique
Collectins, Conglutinin, CL-43 and CL-46

For collectins CL-L1, CL-K1, CL-P1, there is limited data on their interaction with
viruses.OnlyCL-K1has been shown tobind IAVandpartially decrease the infectivity
of the virus (Hansen et al. 2010; Selman and Hansen 2012). The binding of CL-L1
and CL-P1 to viruses has not been reported.

Like SP-D, conglutinin binds to IAV resulting in the inhibition of hemagglutina-
tion and infectivity of the virus (Hartshorn et al. 1993a). Conglutinin binds via its
CRD to the high mannose sites on the viral HA. IAV treated with conglutinin also
boosted neutrophil respiratory burst (Hartshorn et al. 1993a). Conglutinin, CL-43
and bovine SP-D have been reported to bind the bovine rotavirus Nebraska calf diar-
rhoea virus, targeting its VP7 glycoprotein (Reading et al. 1998). Binding resulted
in hemagglutination and neuralisation of rotavirus, with CL-43 showing the highest
activity against the virus; it is the first report of collectin activity against a non-
enveloped virus (Reading et al. 1998). However, conglutinin has a higher inhibitory
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activity against IAV (strain HKx31) than bovine SP-D or CL-43 (Reading et al.
1998). Conglutinin binds to HSV-2 and enhances infection in mice (Fischer et al.
1994). It is also able to bind to HIV-1 gp160 and inhibit interaction of the virus with
the CD4 receptor (Andersen et al. 1991). Interestingly, a collectin-like protein analo-
gous, to bovine conglutinin, was purified from human serum (called conglutinin-like
protein) and this was demonstrated to bind to HIV-1 gp120 via its CRD and inhibit
viral infectivity (Ushijima et al. 1992).

4.7 Interaction of Collectins with Fungi

Collectins are able to recognise and bind to a number of fungi, both primary and
opportunistic fungal pathogens, at various stages in their life cycle. Collectins can
exhibit direct growth inhibition and enhance phagocytosis of fungi; in some cases,
they can contribute to the fungal pathogenesis.

4.7.1 SP-A and SP-D

Both SP-A and SP-D can bind to the conidia of Aspergillus fumigatus, via its β-(1-6)-
glucan carbohydrate structures on the fungal cell surface in a Ca2+ dependent manner
(Fig. 4.3) (Madan et al. 1997a; Allen et al. 2001a, b). SP-A and SP-D can cause
inhibition of conidia infectivity via agglutination, enhancement of phagocytosis and
intracellular killing of A. fumigatus conidia by neutrophils and AM (Madan et al.
1997a). The fungal ligands of SP-A are 2 N-linked glycosylated glycoproteins (gp45
and gp55) isolated from culture filtrate and are also used for ELISA diagnosis of
allergic aspergillosis (Madan et al. 1997b). Fungal melanin was recently determined
to be the primary ligand for SP-D on the A. fumigatus conidia cell surface, and is
able to facilitate fungal phagocytosis and modulate the anti-fungal immune response
(Wong et al. 2018).

Utilising a mouse model of invasive pulmonary aspergillosis (IPA), SP-D, but not
SP-A, was found to be protective against a normally fatal challenge of A. fumigatus
conidia (Madan et al. 2001a, b). In this study, IPA mice-treated intranasally with
purified human SP-D or rfhSP-D showed 60 and 80% survival respectively (Madan
et al. 2001a, b). The basis of this therapeutic protection by SP-D and rfhSP-D was
observed to be enhanced phagocytosis of conidia by macrophages and neutrophils,
fungistatic effects on the growth of conidia and a dampening of pathogenic Th2
cytokines (IL-4 and IL-5), whilst enhancing protective Th1 cytokines (TNF-α and
IFN-γ) (Singh et al. 2009). SP-D−/− knockout mice are more susceptible to IPA
(Madan et al. 2010).However, SP-A−/− knockoutmice demonstrate resistance to IPA,
suggesting that SP-Amay be involved in the pathogenesis of IPA (Madan et al. 2010).
Both SP-A and SP-D also have a direct effect onHistoplasma capsulatum, inhibiting
its growth by increasing the permeability of the fungal membrane (McCormack et al.
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2003). However, no aggregation of H. capsulatum was observed by SP-A or SP-D,
and neither collectin altered the phagocytosis of the fungus or inhibited the growth
of macrophage-infected H. capsulatum (McCormack et al. 2003).

SP-A is also able to bind to Cryptococcus neoformans, both in its encapsulated
and non- encapsulated yeast form, but this does not result in increased phagocytosis
of the acapsular form (Walenkamp et al. 1999). SP-A binding was Ca2+-dependent
and was inhibited by glucose and mannose, but not galactose (Walenkamp et al.
1999). Intranasal infection with C. neoformans gave the same survival outcome in
SP-A−/− knockout mice and wild-type mice, suggesting that the fungus is resis-
tant to SP-A mediated host defence mechanisms (Giles et al. 2007). A subsequent
study found that SP-D increases the phagocytosis of hypocapsular C. neoformans
by murine macrophages and that this facilitated fungal survival (Geunes-Boyer et al.
2009). Other studies have also shown that SP-D can agglutinate C. neoformans and
A. fumigatus (Schelenz et al. 1995; Madan et al. 1997a). Furthermore, SP-D can bind
to both encapsulated and acapsular C. neoformans and can aggregate acapsular C.
neoformans in particular (van de Wetering et al. 2004a). The cryptococcal capsu-
lar components glucuronoxylomannan (GXM) and mannoprotein 1 (MP1) are the
ligands for SP-D (van de Wetering et al. 2004a). SP-D is able to facilitate C. neofor-
mans infection further by protecting the fungus against oxidative stress allowing for
disease progression in the mouse model of infection (Geunes-Boyer et al. 2012).

SP-D is also able to bind Blastomyces dermatitidis, via β-glucan on its surface,
and subsequently block interactions with β-glucan-receptors on AM (Lekkala et al.
2006). This study also showed a reduction in TNF-α, dampening the host inflam-
matory response and thus may facilitate disease progression (Lekkala et al. 2006).
SP-D and SP-A can also bind to Coccidioides posadasii via its surface antigens. In a
mouse model of infection, C. posadasii infection is able to suppress the expression
of pulmonary SP-A and SP-D, possibly facilitating fungal disease progression and
dissemination (Awasthi et al. 2004). SP-D can also bind to Candida albicans via its
surface antigens and agglutinate the pathogen and directly inhibiting its growth with-
out the requirement of macrophage dependent phagocytosis (van Rozendaal et al.
2000). Similarly, SP-A is able to bind to C. albicans and interfere with attachment
to AM, inhibiting phagocytosis (Rosseau et al. 1997). SP-A is also able to dampen
the pro-inflammatory response elicited by C. albicans by human AM and mono-
cytes, which may be important in regulating excessive inflammation in the lung
during Candida infection (Rosseau et al. 1999). In Saccharomyces cerevisiae, SP-D
is observed to bind to its surface, but not SP-A, whilst the fungal ligand for SP-D is
yeast β-(1-6)-glucan (Allen et al. 2001a, b).

The opportunistic fungus, Pneumocystis is able to infect a number of mammals
with each species of the fungus displaying strict host specificity. For example, P.
carinii and P. wakefieldiae infect rats, P. murina infects mice, P. oryctolagi infects
rabbits, and P. jirovecii infects humans. SP-A and SP-D are able to recognise and
bind Pneumocystis species via the major surface glycoprotein (MSG; also known
as gpA) of the fungus (O’Riordan et al. 1995; McCormack et al. 1997a, b). MSG
contains anN-linked carbohydrate chainmade up of glucose,mannose, andN-acetyl-
glucosamine and is involved in attachment of the fungus to alveolar epithelium
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in Pneumocystis pneumonia (Zimmerman et al. 1992; Vuk-Pavlovic et al. 2001).
Cruciform dodecamers and other large oligomers of SP-D have a higher affinity of
binding to P. carinii than do smaller oligomeric versions of SP-D (Vuk-Pavlovic
et al. 2001). SP-D is also able to recognise Pneumocystis cysts via surface β-glucans
(Vuk-Pavlovic et al. 2001). However, SP-D binding does not appear to increase the
phagocytosis of the fungus (McCormack et al. 1997a, b; Vuk-Pavlovic et al. 2001).
Despite this, SP-D does aggregate P. carinii in large complexes that may restrict
phagocytosis by macrophages and may allow for persistence of the fungus within
the host lungs (Vuk-Pavlovic et al. 2001). Pneumocystis pneumonia does alter the
expression of SP-A in the lungs (Atochina et al. 2001), with a threefold increase in
the levels of SP-A and SP-D (Phelps et al. 1996; Aliouat et al. 1998; Qu et al. 2001),
but decreases total phospholipid content (Atochina et al. 2001).

Human SP-A enhances attachment of P. carinii to rat AM in vitro (Williams et al.
1996). SP-A also reduces phagocytosis of P. carinii in human AM in vitro (Koziel
et al. 1998). These data suggest that increased levels of SP-A during Pneumocystis
pneumonia (Phelps et al. 1996)may contribute to the pathogenesis through binding to
the fungus and interfering with its AM recognition (Koziel et al. 1998). Immunosup-
pressed SP-A−/− mice also have increased susceptibility toP. carinii infection (Linke
et al. 2001), whilst removal of immunosuppression resulted in efficient clearance of
the infection (Linke et al. 2006), showing that SP-A does not enhance P. carinii clear-
ance, but does modulate the host immune response during the resolution of infec-
tion. SP-D modulates interaction of P. carinii with AM (Limper et al. 1995) and also
aggregates P. carinii, impairing phagocytosis by AM (Yong et al. 2003). In SP-D−/−
mice, there was delayed clearance of P. carinii infection, increased inflammation and
altered nitric oxide response (Atochina et al. 2004). Similarly, in immunosuppressed
mice, SP-D was found to enhance P. carinii infection (Vuk-Pavlovic et al. 2006).

4.7.2 MBL

MBL has been reported to interact with various primary and opportunistic fungal
pathogens. Low serum levels of MBL have been linked to increased likelihood of
fungal disease (Mullighan et al. 2002; Granell et al. 2006). MBL is able to bind to A.
fumigatus (Neth et al. 2000), B. dermatitidis (Koneti et al. 2008), C. albicans (Kitz
et al. 1992; Neth et al. 2000; Ip and Lau et al. 2004; van Asbeck et al. 2008),Candida
parapsilosis (van Asbeck et al. 2008), and C. neoformans (Chaka et al. 1997; van
Asbeck et al. 2008). The ligands for MBL binding to C. albicans and C. neoformans
are mannan and mannoprotein, respectively (Chaka et al. 1997; Ip and Lau, 2004),
whilst 1,3-β-glucan and mannose are the MBL ligands on B. dermatitidis and A.
fumigatus, respectively (Neth et al. 2000; Koneti et al. 2008).

MBL is able to bind A. fumigatus conidia showing aggregation, enhancing phago-
cytosis, and complement deposition (Kaur et al. 2007). However, MBL binding of
conidia did not always result in the killing of A. fumigatus by phagocytes (Madan
et al. 2005a, b; Kaur et al. 2007). Moreover, MBL may be less important in this
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context, since it is mainly a serum protein and may not be in significant levels in the
lung. Nevertheless, genetic polymorphisms in the MBL gene have been shown to be
associatedwith severe aspergillosis (Crosdale et al. 2001; Vaid et al. 2007). Similarly,
MBL deficiency is a risk factor for aspergillosis in immunocompromised patients,
cancer patients and transplant recipients. In the mouse model of infection, MBL
deficiency does not necessarily affect the survival of mice infected with A. fumigatus
conidia, due to redundancy sincemice having two copies of theMBL gene (Mbl1 and
Mbl2), encoding MBL-A and MBL-C proteins in mouse serum (Hogaboam et al.
2004). However, treatment with recombinant MBL does enhance survival in IPA
mice (Kaur et al. 2007). Thus, the role of MBL in A. fumigatus infection may also
depend on the route of infection and the level of immunosuppression of the host.

MBL interaction with B. dermatitidis has only been studied in the mouse sys-
tem. Both MBL mouse proteins (MBL-A and MBL-C) bind to B. dermatitidis yeast
cells (Koneti et al. 2008). Inhibition of macrophage response to B. dermatitidis is
also mediated by MBL, binding to 1,3-β-glucan ligand on B. dermatitidis, and thus
inhibiting 1,3-β-glucan interaction with Dectin-1 receptor on macrophages and also
decreasing TNF-α production (Brown et al. 2002; Kimberg and Brown 2008). More-
over, macrophage production of G-CSF, IFN-γ, MCP-1, and RANTES were signifi-
cantly inhibited by MBL in response to B. dermatitidis, but not IL-6 (Brummer et al.
2007).

MBL can bind toC. albicans yeast and pseudohyphae and toC. parapsilosis yeast
cells (Denton and Disalvo 1964; Sugar and Picard 1988; Brummer et al. 2005; van
Asbeck et al. 2008). MBL is able to aggregate C. albicans resulting in its growth
inhibition and complement deposition of C4b and C3b on its surface via MASPs (Ip
and Lau 2004; vanAsbeck et al. 2008). Similar levels ofMBL-mediated complement
deposition were also observed forC. parapsilosis (van Asbeck et al. 2008). However,
the binding of MBL to C. albicans may inhibit its phagocytosis by macrophages or
dendritic cells (Zimmerman et al. 1992; Schelenz et al. 1995; Chaka et al. 1997; Vuk-
Pavlovic et al. 2001; Ip and Lau 2004; van de Wetering et al. 2004a). MBL seems
to inhibit Candida-induced macrophage responses in THP-1 cells through TLR-2
and TLR-4, suggesting that C. albicans modifies TLR signalling pathways in the
macrophage (Wang et al. 2013). However, in the case of neutrophils, MBL enhances
the phagocytosis of both C. albicans and C. parapsilosis yeast cells (van Asbeck
et al. 2008). MBL greatly facilitates complement-mediated uptake of C. albicans via
CR1 receptor in neutrophils and this results in the stimulation of reactive oxygen
species by intracellular Dectin-1, which recognises the phagocytosed fungal β-1,3
glucan (Li et al. 2012). The binding of MBL with C. albicans yeast also increases
TNF-α production by monocytes in vitro (Ghezzi et al. 1998) and in vivo (Lillegard
et al. 2006). Double knockout (MBL-A and MBL-C) mice were found to be more
susceptible to systemic infection withC. albicans compared to wild-type mice (Held
et al. 2008). Vaginal candidiasis is an important mycosis in women. MBL protein
is present in vaginal secretions (Pellis et al. 2005); MBL levels seem to increase in
vulvovaginal candidiasis. However, MBL levels were found to be lower in women
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with recurrent vulvovaginal candidiasis, because of polymorphisms in their MBL
gene (Babula et al. 2003; Liu et al. 2006; Giraldo et al. 2007; Donders et al. 2008;
Milanese et al. 2008). The precise role of MBL in candidiasis remains to be fully
explored.

MBL can bind to acapsular C. neoformans yeast cells (Chaka et al. 1997), but this
does not cause aggregation (Eisen et al. 2008).However,MBLbinding to acapsularC.
neoformans did facilitate complement deposition and enhancement of fungal phago-
cytosis by neutrophils (van Asbeck et al. 2008). Furthermore, TNF-α production was
induced in peripheral blood mononuclear cells by C. neoformans mannoprotein and
this effect was enhanced by MBL (Chaka et al. 1997). It is unknown whether MBL
binds to H. capsulatum or P. carinii. It is unlikely that MBL binds to H. capsula-
tum, since the cell wall contains 1,3-α-glucan (Rappleye et al. 2007); however, in P.
carinii, the cell surface of cyst forms does containβ-1,3-glucan (Williams et al. 1996),
which may bind MBL. In Coccidioides species, it is also unknown whether MBL
interaction occurs, but patients with active coccidioidomycosis have been shown to
have low serum MBL levels, compared to healthy individuals previously infected
with Coccidioides, and that low levels of MBL were associated with polymorphisms
in their MBL gene (Corredor et al. 1999).

4.7.3 CL-L1, CL-K1, CL-P1 and the Bovine-Unique
Collectins, Conglutinin, CL-43 and CL-46

Very few studies have investigated the interaction of these minor collectins with
fungal species. CL-K1 can bind C. albicans (Selman and Hansen 2012) and cellular
extracts (mannan) of S. cerevisiae (Keshi et al. 2006; Selman and Hansen 2012).
CL-P1 has also been reported to bind to S. cerevisiae and mediate phagocytosis of
yeast-derived zymosan, suggesting that CL-P1 mediates phagocytosis for fungi in
the vascular endothelium (Ohtani et al. 1999; Jang et al. 2009). Interestingly, CP-P1
also partially binds to A. fumigatus, via its CRD, and in association with properdin,
can activate the complement alternative pathway, resulting in C3b deposition and
formation of the membrane attack complex (Ma et al. 2015). This shows a novel
mechanism of triggering the alternative pathway of complement (Ma et al. 2015).
There are no reports of CL–L1 interaction with fungi.

There are also limited reports of the binding of bovine-unique collectins to fungi.
CL-43 is able to bind to acapsular C. neoformans in vitro in a Ca2+-dependent man-
ner (Schelenz et al. 1995), and immobilised yeast mannan (Holmskov et al. 1996).
Conglutinin is able to bind to glycoproteins and polysaccharides derived from S.
cerevisiae (N-acetylglucosamine, mannose, mannan) (Loveless et al. 1989; Lim and
Holmskov 1996).
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4.8 Interaction of Collectins with Protozoal and Helminth
Pathogens

An area of collectin that is yet to be fully explored is the interaction of collectins
with protozoal and helminth pathogens, which are responsible for some of the most
important global infections. There are limited studies and these are mostly based on
genetic polymorphisms in collectin genes that are associated with predisposition or
severity of these diseases. There is a limited number of functional studies on the role
of collectins in protozoal and helminth infections.

Increases in levels of SP-D were observed in serum, renal and cerebral tissues in
mice experimentally infected with Plasmodium berghei, compared to control mice
(Cahayani et al. 2016). Low MBL serum levels and genetic polymorphisms in the
MBL gene have been associated with more severe malaria, particularly in children
(Luty et al. 1998; Holmberg et al. 2008). MBL can bind to P. falciparum protein
extracts, but it does not appear to inhibit the parasite directly (Klabunde et al. 2002).
MBL does not opsonise P. falciparum, but it can bind to P. falciparum-infected
erythrocytes, recognising the 78-kDa glucose-regulated stress glycoprotein of the
parasite (Garred et al. 2003). MBL binding to P. falciparummerozoite adhesins have
also been reported, having the ability to activate complement (Korir et al. 2014).

The complement lectin pathway can be activated byTrypanosoma andLeishmania
(Cestari et al. 2013). MBL binds to glycosylated antigens on Trypanosoma cruzi,
on the surface of metacyclic trypomastigotes, resulting in complement activation
(Cestari Idos et al. 2009). In a mouse model of T. cruzi infection, MBL influences
host resistance and pathology (Rothfuchs et al. 2012). In some strains of T. cruzi,
MBL mediates resistance to complement lysis of the parasite and enhances invasion
of host cells (Evans-Osses et al. 2014).

MBL also binds to major cell surface glycoconjugates (lipophosphoglycans) on
Leishmania parasites, triggering lectin pathway activation and promastigote lysis
(Green et al. 1994; Ambrosio and De Messias-Reason 2005). Certain genotypes of
theMBL2 genewere also predictive for the risk for developing visceral leishmaniasis
and other clinical complications in infections with Leishmania chagasi (Alonso et al.
2007). Similarly, there was a strong correlation found between serum levels of MBL
and the probability of developing visceral leishmaniasis (Santos et al. 2001). Mono-
cytes challenged withMBL-opsonised L. chagasi promastigotes secreted higher lev-
els of TNF-α and IL-6 than controls, suggesting that MBL may play an important
role in pathogenesis (Santos et al. 2001).

In helminth infections, MBL binds to the surface glycoproteins of Schistosoma
mansoni cercariae and adult worms and is able activate the lectin pathway (Klabunde
et al. 2000). Curiously, no differences in serum MBL levels were observed between
patients infected with Schistosoma and in healthy controls (Klabunde et al. 2000).
Another study has shown that high MBL serum levels are associated with protection
in schistosomiasis (Antony et al. 2013). Interestingly, high levels ofMBL and CL-K1
were inversely correlated with urogenital infections with S. haematobium (Antony
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et al. 2015b). Although CL-K1 has not been shown to bind directly to the para-
sitic worm, it was observed to be a risk factor for urinary schistosomiasis (Antony
et al. 2015a). Furthermore, concomitantly elevated IL-6 levels were also observed
in urinary schistosomiasis cases compared to controls that correlated with MBL lev-
els (Antony et al. 2015b). Similar findings linking IL-6 and MBL have also been
described in patients with visceral leishmaniasis (Santos et al. 2001; Antony et al.
2015b).

SP-D has also been shown to bind to fucosylated glycoconjugates (α-1–3 linked
fucose) on the surface of S. mansoni larval stages, although the significance of this
interaction remains unclear (van deWetering et al. 2004b, c). However, a recent study
has suggested that SP-D is essential for protection against helminth infection, using
the experimental model nematodeNippostrongylus brasiliensis (Thawer et al. 2016).
N. brasiliensis infection of SP-D−/− knockout mice resulted in severe susceptibility
to parasitic disease, whilst treatment with rfhSP-D enhanced parasite clearance and
anti-parasitic immune responses (Thawer et al. 2016). SP-D was determined to bind
to N. brasiliensis larvae via its CRD, and to enhance their killing by AM (Thawer
et al. 2016).

4.9 Collectins and Allergy

A considerable number of in vitro and in vivo studies have focused on the
immunomodulatory functions of collectins and their contribution to the host defense
system. Through activation of complement, and production of pro-inflammatory
cytokines, MBL makes a major impact on the generation and regulation of the
immune-mediated inflammatory response. Allergen-mediated activation of the com-
plement lectin pathway has been demonstrated (Varga et al. 2003). Allergen extracts
(parietaria (PA) and house dust (HD) mite) were shown to bind purified MBL, and
trigger the lectin complement pathway. Differences in plasmaMBL levels may affect
the degree of complement activation in different individuals, thus, susceptibility to
allergic diseases. Significantly elevated serum MBL levels were observed in pedi-
atric mild-asthma patients, suggesting the possible role of MBL in the pathogenesis
of asthma by contributing to airway inflammation, or increasing the risk of asthma
development (Uguz et al. 2005). Enhanced levels of serum MBL also correlate with
an increased peripheral blood eosinophils in these individuals. It is also suggested
that oxidative stress increases the MBL synthesis, and triggers complement activity.
MBL can initiate complement activation following oxidative stress in asthma (Col-
lard et al. 2000; Nadeem et al. 2003; Uguz et al. 2005), and aggravate inflammation.
Significantly increased MBL levels and MBL pathway was also detected in patients
with bronchial asthma, rhinitis and allergic bronchopulmonary aspergillosis (ABPA)
(Kaur et al. 2005).

Ahigher level of plasmaMBL is likely to contribute to activation of lectin pathway,
and an increased severity, including enhanced blood eosinophil counts. In addition,
production ofMBL in the liver is suggested to increase by up to three fold in response
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to environmental stimuli. Therefore, higher levels of plasmaMBL in allergic patients,
compared to the non-allergic patients, may result from elevated hepatic synthesis
caused by allergen exposure. Furthermore, the circulating level of mouse MBL-A
was also measured in Aspergillus fumigatus allergen-sensitised and non-sensitised
mice. Increased level of mMBL-A was observed following allergic sensitisation,
suggesting that challenging these mice with allergen may contribute to a higher level
of MBL in sensitised mice as well as allergic patients (Kaur et al. 2005). Earlier
in vivo studies using mouse MBLs have reported the likely role of MBL-A as a
mediator of inflammation (Santos et al. 2001; Takahashi et al. 2002). Moreover, a
substantial decline in the airway hyperresposiveness to A. fumigatus conidia was
seen in MBL-A–deficient mice (MBL-A−/−) when compared to MBL-A+/+ control
mice, which suggest the possible role ofMBL-A and its ability to trigger progression
of airway hyper-responsiveness (Hogaboam et al. 2004).

Since levels of plasma MBL are genetically determined, it is of interest to study
the genetic polymorphisms in MBL in relation to allergic susceptibility. In order to
address the correlation between polymorphisms in the MBL gene and the progres-
sion of atopic diseases, Nagy et al. found a contribution of variant MBL alleles to
the susceptibility to acute or chronic Chlamydia pneumoniae infection in asthmatic
children (Nagy et al. 2003). Another study that focused on the genetic associa-
tion of MBL related single nucleotide polymorphisms (SNPs) with allergic patients
(Kaur et al. 2006), reported the identification of G1011A, an intronic SNP found
in the MBL gene, and presence of 1011A allele of SNP G1011A to be associated
with an enhanced level of plasma MBL., SNP G1011A has also been suggested to
play a role in regulating MBL expression. Additional polymorphisms were found at
positions 550 (H/L variants) and 221 (X/Y variants) in the promoter region of the
MBL gene, which associated with high MBL levels in the plasma. 1011A allele was
also associated with bronchial asthmatic patients with allergic rhinitis and ABPA,
which positively correlated with allergic markers, including high peripheral blood
eosinophil counts, and reduced levels of forced expiratory volume at timed interval
of 1 s (FEV1) in these patients. However, no structural SNPs have been observed
within the MBL gene in these allergic patients.

As carbohydrate recognition immune molecules, both SP-A and SP-D have been
shown to interact with gp55 and gp45 of A. fumigatus in a calcium and carbohydrate
specific dependent manner (Madan et al. 1997b). Both these collagenous molecules
inhibit specific IgE binding to these glycoproteins, and block allergen triggered his-
tamine release fromhumanbasophils isolated fromDerp- andA. fumigatus-sensitised
patients (Madan et al. 1997a, b).Dodecameric formsof humanSP-Dmediate binding,
aggregation, and phagocytosis of starch granules, containing grass pollen allergens
from Dactylis glomerata and Phleum pratense via alveolar macrophages (Erpen-
beck et al. 2005). SP-D can suppress proliferation of PBMCs isolated from children
with Derp–sensitive asthma (Wang et al. 1998), and suppress secretions of IL-2 by
PBMCs (Borron et al. 1998). Suppressive effects of SP-A on the production and
release of IL-8 by eosinophils were also reported, which is stimulated by ionomycin
in a concentration-dependent manner (Cheng et al. 1998). Since IgE cross-linking,
release of histamine and PMBCs proliferation are crucial immunological factors
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contributing to the development of asthmatic symptoms, both SP-A and SP-D are
crucial immune modulators in resisting allergenic challenge, as well as suppressing
substantial hypersensitivity reactions in the lungs (Kishore et al. 2002).

Intranasal administration of SP-D or rfhSP-D caused reduced levels of peripheral
and pulmonary eosinophilia, and the effect persisted up to 16 days in the ABPAmice.
These observations therefore indicate the potential of SP-D as a therapeutic agent
(Kishore et al. 2002; Madan et al.2001a; 2005a, b). In addition, protective role of
rhfSP-D has also reported in murine model of Derp allergens-induced pulmonary
hypersensitivity (Singh et al. 2003). Shifting of Th2 to a Th1 following SP-D treat-
ments appeared to be crucial to the protective mechanism, since, IFN-γ gamma is
suggested to inhibit differentiation of Th2 in response to IL-4 (Elser et al. 2002).
Additionally, production of nitric oxide was significantly inhibited when Derp mice
derived alveolar macrophages are pre-incubated with rfhSP-D, and resulted in low
levels of TNF-α in the rfhSP-D treated Derp mice (Liu et al. 2005). Culturing alve-
olar macrophages with allergen and SP-D has induced an increased production of
IL-10, IL-12, and IFN- γ, indicating a positive correlation between macrophages and
SP-D triggered inhibition of airway inflammation and airway hyper-responsiveness
(AHR) (Takeda et al. 2003).

A study byMadan et al. has focused on the susceptibility of SP-A−/− and SP-D−/−
mice to challenge with A. fumigatus allergen compared to wild-type mice (Madan
et al. 2005a, b).

Intrinsic hypereosinophilia and seven fold increase in IL-5 and IL-13 levels were
seen in both SP-A−/− and SP-D−/− mice. However, lower levels of IFN- γ to IL-
4 ratio in the lungs were observed, suggesting the possible Th2 basis of immune
response. Treating these mice with exogenous intranasal SP-A and SP-D resulted in
reversal of Th2 polarisation. SP-D−/− mice was reported to be more susceptible to
A. fumigatus allergen-induced pulmonary hypersensitivity when compared to wild-
typemice. However, resistant to sensitisationwas seenwith SP-A−/− mice. Intranasal
administration of SP-Dor rfhSP-D led to rescue of the sensitisedSP-D−/−mice,while
SP-A−/− mice demonstrated an enhanced levels of IL-5 and IL-13, causing greater
pulmonary eosinophilia. Genetic polymorphisms in the collagen region of SP-A2
(SP-A2 G1649C and SP-A2 A1660G) may also increase susceptibility to allergic
bronchopulmonary aspergillosis (ABPA) (Saxena et al. 2003).

4.10 Collectin (and C1q) Receptors

The collectins are structurally related to the complement protein C1q (having a
collagenous region and similar overall tertiary structure. A common receptor for SP-
A,MBL and C1q was described in 1990 (Malhotra et al. 1990) (Fig. 4.5), as collagen
region binding cC1qR. This was subsequently identified as Calreticulin (~56kDa).
Two other candidate receptors were subsequently proposed:
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Fig. 4.5 Collectin receptors on immune cells. Collectins have been shown to bind a number of
receptors and putative receptors, which lead to immunomodulatory responses. Binding of col-
lectins to Toll-like receptor 2 (TLR-2), TLR-4, SP-A receptor 210 (SP-R210), CD91-calreticulin,
and signal inhibitory regulatory protein-α (SIRP-α) alters production of pro-inflammatory medi-
ators. For example, SP-A and SP-D binds to SIRP-α via their collagenous tails, and stimulates
pro-inflammatory chemokine production via calreticulin/CD91 interaction. Furthermore, bacterium
bound collectins induces the conformational changes of calreticulin/CD91 interaction, which then
activates P38-mitogen-activated protein kinase (MAPK) signalling pathway, leading to transcrip-
tional activation of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), and
expression of pro-inflammatory cykines, including tumour necrosis factor alpha (TNF-α). SIRP-
α is abundantly expressed in macrophages, and ligation of SIRP-α by lung collectins are crucial
in preventing damage to the airways caused by the production of pro-inflammatory responses.
Thereby, phosphorylated cytoplasmic region of SIRP-α recruits SHP-1 (Src homology region 2
domain-containing phosphatase-1), which in turn dephosphorylates protein substrates involved in
mediating physiological effects. Thus, the interaction between SIRP-α and SHP-1 negatively reg-
ulates P38-MAP kinase signalling, and stimulates NF-κB activity, and cells become resistant to
TNF-mediated effects, such as apoptosis

(1) C1qRp (CD93) (C1q receptor associated with phagocytosis stimulated by C1q,
MBL or SP-A): but this has subsequently been shown not to bind any of these
ligands. It may be an adhesion receptor (McGreal et al. 2002; Norsworthy et al.
2004).

(2) CR1, the complement C3b receptor, does interact with C1q and MBL, but
functional aspects are not yet widely explored (Jacquet et al. 2018).

(3) Calreticulin remains themain candidate as a receptor/adapter involved in phago-
cytosismediated byC1qand collectins (Ogden et al. 2001;Vandivier et al. 2002).
Calreticulin bound to the cell surface CD91 mediates uptake of apoptotic cells
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to which C1q, MBL, SP-A and SP-D are bound. It also mediates uptake of
microorganisms targeted by the collectins.

SP-A and SP-D can interact with phagocytic receptors and are able to influence
receptor-mediated uptake of bacteria (Lawson and Reid 2000). SP-A enhances the
phagocytosis of S. aureus by monocytes but does not induce intracellular killing or
the production of reactive oxygen intermediates (ROI) (Geertsma et al. 1994). SP-A
is also able to enhance the uptake ofM. tuberculosis andM. avium by macrophages
via the increased expression of mannose receptor (Gaynor et al. 1995; Kudo et al.
2004), whilst SP-A enhances the scavenger receptor A (SR-A)-mediated uptake of
Streptococcus pneumoniae by AM (Kuronuma et al. 2004). SP-A is also reported to
bind to a 210-kDa SP-A receptor (SPR210) in U937 macrophages and rat AM and
mediate uptake of Mycobacterium bovis bacillus Calmette-Guérin (BCG) via this
receptor (Chroneos et al. 1996; Weikert et al. 1997); in rat macrophages, this led to
enhanced mycobacterial killing and an increase in the production of inflammatory
mediators, TNF-α and nitric oxide (Weikert et al. 2000). SP-A and SP-D can also
bind to the major LPS receptor, CD14 that is present on alveolar macrophages. SP-
A binds to the peptide portion of CD14, whilst SP-D interacts with the glycan of
the receptor (Sano et al. 2000). SP-A modulates LPS-induced cellular responses by
direct interaction with CD14 (Sano et al. 1999), serving as an important mechanism
for the recognition and clearance of this endotoxin. As noted above, SP-A and SP-D
can interact with the versatile protein calreticulin (Malhotra et al. 1990). When SP-A
and SP-D bind to surface target ligands such as LPS or apoptotic cells, multiple
collagen regions are presented on the surface, which interact with the Calreticulin
-CD91 receptor complex (Gardai et al. 2003). This can then lead to the promotion of
phagocytosis and initiation of cell signalling pathways leading to the production of
pro-inflammatory cytokines and priming of adaptive immunity (Ogden et al. 2001;
Vandivier et al. 2002; Gardai et al. 2003). In contrast, SP-A and SP-D can also sup-
press inflammatory responses by binding to signal regulating protein α (SIRP-α) on
macrophages and epithelia via their CRD region, and this leads to a signalling path-
way that blocks pro-inflammatory mediator production (Fig. 4.5) (Table 4.2) (Gardai
et al. 2003). Therefore, the orientation of binding of SP-A and SP-D (collagen or
lectin (CRD)) domains to host receptors Calreticulin-CD91 or SIRP-α, respectively,
have opposing effects and illustrate a dual function of these collectins, which could
be, (1) protection of the naïve lung via maintenance of immune homeostasis and (2)
protection via the triggering of inflammation to clear pathogens, allergens, necrotic
and apoptotic cells. Another receptor, gp-340 has also been found to bind to SP-D
and SP-A (Holmskov et al. 1997a; Tino and Wright 1999), but any microbial inter-
action has been described for Influenza virus (Hartshorn et al. 2006a, b) and not
bacteria, whilst binding of SP-A to gp-340 stimulates macrophage chemotaxis (Tino
and Wright 1999).

Calreticulin (cC1qR) is a collectin binding protein of 56 kDa, and is known to
bind C1q, MBL, SP-A, conglutinin and CL-43 (Fig. 4.5) (Table 4.2) (Malhotra et al.
1993). This interaction is independent of calcium ions, and ionic in nature. It is medi-
ated by the collagen domain ‘c’ of the collectins (cC1qR). The C1q binding site has
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Table 4.2 Binding proteins and Receptors for lung collectins

Binding
proteins/receptors

Cells expressing the
receptors

Protein domain Proposed functions

Calreticulin/CD91 Ubiquitous Collagen region of
SP-A and SP-D

Phagocytosis and
production of
pro-inflammatory
cytokines

C1qRp/CD93 Monocytes,
macrophages,
neutrophils, platelets,
endothelial cells and
microglia

Reported as a
receptor, but may not
bind C1q or
collectins

Initially proposed to
have roles in
phagocytosis

gp340 Soluble opsonin CRD region of SP-A
and SP-D

Stimulation and
migration of alveolar
macrophages

CD14 Alveolar
macrophages

Neck region of SP-A
which interacts with
the peptide portion
containing the
leucine-rich repeats
of CD14.
CRDs of SP-D that
binds and interact
with carbohydrate
moiety of CD14

CD14-LPS
modulation and
release of
pro-inflammatory
cytokines and
chemokines

SIRP α/CD172 Antigen presenting
cells, endothelial
cells, myeloid cells,
and neurons

CRD of SP-A and
SP-D

Inhibition of
pro-inflammatory
cytokine and
chemokine
production

SPR210 Type II cells, alveolar
macrophages, and
bone marrow derived
macrophages

SP-A- 36 residues
collagen
region composed of
RGD motif

Regulation of
phospholipid
secretion and
cytokine production,
phagocytosis, and
inhibition of T-cell
proliferation

been mapped to the S-domain of calreticulin (Stuart et al. 1996). Conglutinin and
CL-43 also bind C1qR and calreticulin (Dec andWernicki 2006). SP-A receptor 210
(SP-R210) is a 210 kDa oligomeric molecule that earlier has been purified from the
macrophage cell line U937 by affinity chromatography (Fig. 4.5 (Table 4.2) (Chro-
neos et al. 1996). SP-R210 is another candidate receptor for SP-A, and also found in
type II cells and alveolar macrophages. The direct interaction between SP-R210 and
SP-A occurs through the collagen region of SP-A.Antibodies raised against SP-R210
inhibit SP-A binding to alveolar type II cells and alveolar macrophages, thus, prevent
SP-A-mediated uptake ofMycobacterium bovis, and block SP-A-bacillus Calmette-
Guerin complexes to phagocytes. Furthermore, SP-R210 inhibited SP-A-mediated
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phospholipid secretion by alveolar type II cells (Weikert et al. 1997). Additionally, a
study byYang et al. reported SP-R210 as a cell surfacemyosin 18A (Yang et al. 2005),
and expressed in multiple isoforms. Gp340 is a 340 kDa SP-D binding glycoprotein
purified from lung bronchoalvelar lavage of alveolar proteinosis patients (Holmskov
et al. 1997), and belongs to the scavenger receptor superfamily, consisting ofmultiple
scavenger receptor type B domains (Holmskov et al. 1999). Furthermore, gp340 has
been shown to be identical to salivary agglutinin, and its binding interaction with
Streptococcus mutans and Helicobacter pylori has been reported (Ligtenberg et al.
2001). The direct binding of SP-D to gp340 occurs in a calcium dependent manner,
and is inhibited by EDTA. The interaction is not affected by the presence of mal-
tose, suggesting that the binding is a protein-protein interaction via the CRD region
of SP-D rather than a lectin-carbohydrate interaction. Similar binding pattern was
observed between gp340 and rfhSP-D, composed of trimeric neck region and CRD
(Holmskov et al. 1997). Gp340 exists in a soluble form, and acts as an adaptor for
SP-A and SP-D, but how gp340 is anchored in the membrane and the mechanism of
binding to cell surface has not been elucidated fully yet (Table 4.2). SP-D can bind
to human neutrophil defensins (HNPs) via its neck and CRD region (Hartshorn et al.
2006a, b). The interaction between SP-D and HNPs can trigger anti-viral activity
in the BAL fluid. HD6, human β-defensins, and human neutrophil peptide (HNP)-4
bind SP-D with weaker affinity, while HNP-1-3 bind SP-D with high affinity and
trigger inhibition of SP-D mediated anti-viral activity (Doss et al. 2009). Addition-
ally, SP-D binds human decorin from amniotic fluid in a calcium dependent manner
via sulphated N-acetyl galactosamine moiety of decorin (Nadesalingam et al. 2003).
rfhSP-D interacts with dermatan sulphate moiety of decorin, and core protein of
decorin interacts with SP-D via the collagen-like region.

The interaction between lung collectins (SP-A and SP-D) and native as well as
recombinant CD14 has been reported (Table 4.2) (Sano et al. 1999). CD14 is a sol-
uble receptor for LPS, and the neck domain of SP-D has been shown to bind the
leucine-rich peptide portion of CD14, whilst the carbohydrate moiety of CD14 inter-
acts with the lectin domain of SP-D (Sano et al. 1999). Thus, both these surfactant
proteins appear to modulate the cellular response to smooth and rough LPS by inter-
action with CD14. (Sano et al. 1999). Furthermore, the association of SP-A and
SP-D with toll-like receptors (TLR), and or the TLR-associated molecule, could be
one of the mechanisms by which they function as modulators of inflammation an
inflammatory mediators (Sano et al. 1999). Studies have reported direct involve-
ment of SP-A in TLR2 signalling, and inhibition of downstream gene activation
(Murakami et al. 2002). SP-A interacts directly with TLR4 and myeloid differentia-
tion factor 2 (MD-2), which are known critical signalling receptors for LPS (Billod
et al. 2016). Thus, binding of SP-Awith extracellular domain of TLR4 andMD-2was
revealed in a calcium-dependent manner, involving the CRD region. Additionally,
SP-A has attenuated cell surface binding of smooth LPS, and induced NF-κB activa-
tion in cells expressing TLR4 andMD-2 (Murakami et al. 2002). SP-D does not have
significant effect on TLR4 expression, but it down-regulates the TLR4-mediated sig-
nalling against LPS (Henning et al. 2008). Thus, SP-A’s ability to dampen TLR2 and



4 Collectins: Innate Immune Pattern Recognition Molecules 107

TLR4 signalling is associated with decrease in the phosphorylation of IkappaBal-
pha, a key regulator of NF-κB activity, and nuclear translocation of p65, resulting in
reduced TNF-α secretion in response to TLR ligands. Furthermore, the same study
also reported diminished phosphorylation of Akt, an essential regulator of NF-κB
and potentially MAPKs. Therefore, there is a critical role for SP-A in modulating
lung inflammatory reactions by regulating macrophage-mediated TLR4 activity.

As noted above, calreticulin was identified as a common receptor for C1q, MBL
and SP-A (Malhotra et al. 1990). Calreticulin is mainly an intracellular protein but it
is present on cell surfaces bound to CD91 and, thus, acts as an adaptor or co-receptor
while binding to collagenous region of these collectins (Fig. 4.5) (Table 4.2) (Ogden
et al. 2001; Vandivier et al. 2002). Uptake of apoptotic cells by phagocytes mediated
by C1q orMBL binding to calreticulin-CD91 complex was revealed (Vandivier et al.
2002).HLAclass I heavy chain (Arosa et al. 1999), orCD59have been shown to act as
a calreticulin-binding proteins on cells which do not express CD91, allowing C1q or
MBL coated particles to adhere to the cells. Although a number of collectin receptors
have been identified, there is still a need to fully elucidate how collectins stimulate
phagocytes, and mediate phagocytosis, as well as other signalling transduction path-
ways. More studies on the structural aspects of receptors are needed, especially how
these receptors are anchored in the membrane of immune and non-immune cells and,
which co-receptors and signalling pathways are involved.

In conclusion, collectins appear to play important roles in controlling lung allergy,
inflammation and hypersensitivity, in addition to dealing with a wide variety of
pathogens at pulmonary and extra-pulmonary sites. They act against pulmonary
allergens through their ability to resist allergen challenge by interfering with allergen
triggered IgE interaction, degranulation of mast/basophils, cellular infiltration, and
polarisation of helper Th response. Their roles have been also implicated in alter-
ing profiles of pro-inflammatory cytokines and chemokines as a result of infection,
and allergen challenge. Further research is needed to characterise specific collectin
receptors that are crucial for collectin functions other than phagocytosis.
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Chapter 5
Insect C-Type Lectins in Microbial
Infections

Yibin Zhu, Xi Yu and Gong Cheng

Abstract C-type lectins (CTLs) are a family of carbohydrate-recognition domain
(CRD)-containing proteins that bind to ligands in a calcium-dependentmanner. CTLs
act as important components of insect innate immune responses, such as pattern
recognition, agglutination, encapsulation, melanization, phagocytosis and prophe-
noloxidase activation, aswell as gutmicrobiome homeostasismaintenance, to defend
against pathogens. Besides, some insect CTLs can facilitate pathogen infection and
colonization. In this review, we describe the properties of insect CTLs and focus on
explaining their role in viral, bacterial, parasitic and fungal infections.

Keywords C-type lectins · Infection · Insect

5.1 Introduction

Insects are the most diverse group of organisms on Earth, occupying an extremely
important position in the ecosystem. Over long-term evolution in an adverse environ-
ment with various pathogens, insects have developed a unique innate immune system
involving cellular immunity and humoral immunity (Sadd and Siva-Jothy 2006).
Cellular immunity depends mainly on blood cells that engulf foreign antigens by
phagocytosis. The humoral immune system is an open and complete defence system
consisting of lectins, antimicrobial peptides (AMPs), antiviral factors, lysozyme and
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protease inhibitors, and multifunctional blood cells (Hillyer 2015). Because of their
inability to synthesize specific antibodies, invertebrates rely solely on non-specific
immune responses to defend against pathogens. Upon pathogen invasion, insect
immunity utilizes pattern-recognition proteins (PRPs) to help recognize pathogen-
associated molecular patterns (PAMPs). There are many types of PRPs in insects,
including peptidoglycan-recognition proteins (PGRPs), beta-1,3-glucan recognition
proteins (bGRPs), scavenger receptors (SCRs), and C-type lectins (CTLs). Within
the PRPs, CTLs play one of the most important roles and form the most diverse
family (Zhang et al. 2015).

CTLs are a superfamily of carbohydrate-binding proteins and have a characteristic
carbohydrate-recognition domain (CRD) (Dodd and Drickamer 2001) that binds to
carbohydrates in a calcium-dependent manner (Drickamer 1993; Weis et al. 1998;
Drickamer 1999). Some CRD-containing proteins are referred to as C-type lectin-
like domain (CTLD) proteins, and with the continuous growth of the family, a few
have been found that do not depend on calcium for binding activity (Zelensky and
Gready2005; Pees et al. 2016). InsectC-type lectins have various functional domains,
including single CRDs, double CRDs (the immulectin group) and other functional
domains (the CTL-X group). In the CTL-X group, functional domains containing
complement control protein (CCP), immunoglobulin modules (Ig), an extracellular
domain (CUB), epidermal growth factor-like domain (EGFL) and chitin binding
domain (CBM) have been identified (Rao et al., 2015a, b; Waterhouse et al. 2007;
Xia et al. 2015). Most insect CTLs have signal peptides, indicating that they are
secreted proteins, while some CTLs contain transmembrane domains.

Recently, many works have reported the important position of CTLs in insect
innate immune defence against microorganisms. Some insect CTLs play important
roles as pattern-recognition receptors by binding invading pathogens and mediating
immune responses, such as agglutination, encapsulation, melanization, phagocyto-
sis and prophenoloxidase activation, to clear the pathogens. Certain other CTLs,
however, have the opposite function; they facilitate pathogen infection. Thus, we
will mainly focus on explaining the role of insect C-type lectins in viral, bacterial,
parasitic and fungal infections.

5.2 Insect C-Type Lectin and Viral Infections

Multiple C-type lectins have been identified as susceptibility factors for viral infec-
tion inmosquitoes. Arthropod-borne viruses (arboviruses) are named for their unique
method of transmission, via the bite of an arthropod vector, among which dengue
virus (DENV), Zika virus (ZIKV), yellow fever virus (YFV),WestNile virus (WNV),
Japanese encephalitis virus (JEV) and chikungunya virus (CHIKV) are transmitted
by mosquito vectors and pose a major threat to human health (Zhu et al. 2017).
These viruses enter the mosquito by an infectious blood meal and infect the vector in
a sequential manner; first, themidgut epithelium is infected, and then the surrounding
tissues become infected before the virus disseminates to the salivary gland (Guzman
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et al. 2016). During this process, viruses are able to utilize mosquito C-type lectins
to facilitate infection. A previous study identified an Aedes aegypti C-type lectin,
mosGCTL-1, which facilitates WNV infection in vitro and in vivo. The expression
of mosGCTL-1 is upregulated by WNV, and it interacts with WNV in a calcium-
dependent manner. mosGCTL-1 also plays an important role in WNV infection by
interacting with a mosquito homologue of human CD45 (mosPTP-1), which enables
viral attachment to cells and facilitates viral entry (Cheng et al. 2010). In addition, Liu
and colleagues first identified 9 Aedes aegypti mosGCTL genes as key susceptibility
factors for DENV-2 infection, among which mosGCTL-3 was found to most signif-
icantly enhance viral infectivity by interacting with the DENV-2 envelope protein
in vitro and in vivo. In contrast, antisera against multiple lectins efficiently reduced
DENV-2 infection during amosquito bloodmeal (Liu et al. 2014). Other studies have
also shown that mosGCTL-7 can bind to the JEV envelope protein via an N-glycan
at N154 in a calcium-dependent manner. After binding, cell surface mosPTP-1 inter-
acts with the mosGCTL-7-JEV complex and facilitates viral infection in vitro and
in vivo (Liu et al. 2017).

In contrast to these viral infection facilitating roles in insects, C-type lectins
can also induce protective responses during viral infections of insects. Spodoptera
exigua C-type lectins (bracovirus-like lectins, Se-BLLs) are acquired by horizontal
gene transfer and confer an adaptive advantage against baculovirus, a natural viral
pathogen of S. exigua. Specifically, Se-BLL2 can reduce the pathogenicity of bac-
ulovirus, indicating that lectins can increase the resistance of S. exigua larvae to
baculoviral infection (Gasmi et al. 2015). In addition, another lectin derived from
Spodoptera, Se-BLL3, is able to reduce themortality of Spodoptera frugiperda larvae
during Junonia coenia densovirus (JcDV) infection, but no such effect is found in S.
exigua larvae (Gasmi et al. 2018). Recently, two novel C-type lectins (MdCTLs) have
been obtained from Musca domestica and show agglutination and antiviral proper-
ties in the laboratory. Interestingly, MdCTL-2 protein can inhibit the replication of
influenza H1N1 virus, resembling the effect of ribavirin (Zhou et al. 2018).

Taken together, these studies show that insect C-type lectins play various roles
in immune responses upon viral infection. Investigating the effect of C-type lectins
during arbovirus infection may provide a better understanding of the replication
of the virus in insects and shed light on new strategies for arbovirus transmission
control. For instance, a transmission-blocking strategy may be feasible by blocking
the C-type lectins that facilitate viral infection. Additionally, identifying novel insect
C-type lectins may also lead to the discovery of new antiviral proteins.

5.3 Insect C-Type Lectins and Bacterial Infection

Insects utilizemultiple immune systems to control bacterial overgrowth andmaintain
gutmicrobiome homeostasis. Specifically, C-type lectins are a large group of proteins
in insects known for their ability to regulate bacterial survival and colonization. The
role of insect C-type lectin in antibacterial immunity has been identified forManduca
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sexta (Yu et al. 1999a, b). The M. sexta genome encodes 34 C-type lectins, among
which isM. sexta immulectin-1 (MsIML-1), which was first cloned from the larval fat
body. MsIML-1 expression is induced by the injection of inactivated gram-positive
and gram-negative bacteria or yeast, and it is highly expressed in insect immune
tissues, such as fat body and haemolymph, after bacterial infection. Recombinant
MsIML-1 protein impairs bacterial growth by agglutinating bacteria and stimulat-
ing the activation of prophenoloxidase (PPO) (Yu et al. 1999a). Immulectin-2 from
M. sexta (MsIML-2) was also isolated from the larval fat body and is induced by
Escherichia coli and Saccharomyces cerevisiae. However, MsIML-2 has not been
measured in haemocytes after bacterial stimulation.MsIML-2 can agglutinate E. coli
in a calcium-dependent manner but has no effect on the agglutination of S. cere-
visiae (Yu and Kanost 2000). M. sexta immulectin-3 (MsIML-3) and immulectin-4
(MsIML-4) cDNA has also been cloned from the larval fat body. By coating the
proteins onto agarose beads, it has been shown that MsIML-4 can facilitate encap-
sulation and melanization by haemocytes in vitro, while MsIML-3 only enhances
encapsulation in vitro (Yu et al. 2005, 2006). The silkworm Bombyx mori genome
encodes 23 CTL genes (Rao et al. 2015b). A recent study revealed that C-type lectin-
S3 from silkworm B. mori (BmCTL-S3) is expressed in various tissues, including the
fat body, haemocytes, midgut, Malpighian tubule, ovary and embryo. The BmCTL-
S3 protein facilitates the rapid clearance of E. coli, S. aureus, Serratia marcescens
and Bacillus subtilis by binding to bacterial cell wall components (Zhan et al. 2016).
Shahzad and colleagues also cloned a C-type lectin-S2 (BmCTL-S2) from the silk-
worm B. mori and performed functional analyses, which suggested that BmCTL-S2
is a pattern-recognition receptor with antibacterial activity (Shahzad et al. 2017). In
the mosquito field, Schnitger and colleagues identified two CTLs from Anopheles
gambiae, which are required for the clearance of E. coli but not S. aureus (Schnitger
et al. 2009). These results reveal that multifunctional CTLs in insects can promote
the interaction between host and bacteria. A better understanding of the molecular
mechanism of the antibacterial activity of CTLs may provide novel strategies for
bacterial defence.

In addition, CTLs function as pattern-recognition receptors and exhibit antimi-
crobial activity in invertebrates other than insects. A recent study identified a novel
soluble and bacteria-inducible PRR, Leulectin, containing a CTLD from the hep-
atopancreas of kuruma shrimp Marsupenaeus japonicus. This CTLD can aggluti-
nate bacteria and promote haemocytic phagocytosis by recognizing LPS (Wang et al.
2017a, b). Another CTL, PmCLec, from the black tiger shrimp Penaeus monodon,
was characterized. Purified recombinant PmCLec protein binds and agglutinates
gram-positive bacteria, Staphylococcus aureus and S. haemolyticus, in the presence
of calcium (Wongpanya et al. 2017).Amannose-bindingCTLcalled FmLC3was iso-
lated from Fenneropenaeus merguiensis and exhibits agglutination activity against
various microbial strains in a calcium-dependent manner (Runsaeng et al. 2017).
Moreover, a CTL namedMjCC-CL in the kuruma shrimp (Marsupenaeus japonicus)
contains both a CTLD and a coiled-coil domain (CCD). In an antibacterial response,
the CTLD recognizes bacterial glycans leading to the interaction of the CCD with
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the surface receptor Domeless and subsequent activation of the JAK/STAT pathway
and upregulation of AMP expression (Sun et al. 2017).

Most CTLs serve as immune factors suppressing bacterial growth in insects. How-
ever, some mosquito C-type lectins function as immune factors facilitating bacterial
growth. Pang and colleagues revealed that blockade of mosGCTLs suppresses the
growth of gut bacteria inAedes aegypti andCulex pipiens pallens. It has been demon-
strated that mosGCTLs function by directly coating bacterial cells and neutralizing
antimicrobial peptide (AMP)-mediated elimination (Pang et al. 2016). In summary,
insect C-type lectins mediate the regulation of insect microbiome homeostasis via
various mechanisms and show pleiotropic effects in insect–microbial interactions.

5.4 Insect C-Type Lectins and Parasite Infections

Malaria parasites must go through a complex life cycle in an Anopheles mosquito to
establish an infection before being transmitted to a newhost.Osta and colleagues con-
ducted a large-scale functional screen of mosquito genes and identified two C-type
lectins (CTL4 and CTLMA2), which act as protective agonists for the development
of Plasmodium ookinetes to oocysts and facilitate parasite susceptibility by inhibit-
ing parasite melanization (Osta et al. 2004). Recently, Simoes and colleagues found
that protection against parasite melanization by CTL4 and CTLMA2 in A. gambiae
mosquitoes is dependent on infection intensity. Interestingly, CTL4 and CLTMA2
exert agonistic and antagonistic parasite regulation effects in different Anopheles
species. (Simoes et al. 2017). However, silencing of CTL4 and CTLMA2 has no
effect onPlasmodium falciparum development in humans (Cohuet et al. 2006). Addi-
tionally, Shin and colleagues identified a novel gene, CLSP2, encoding C-type lectin
domains. Knockdown of CLSP2 activates prophenoloxidase and thus inhibits para-
site growth, suggesting that CLSP2 is an antagonist of Plasmodium parasite infection
in mosquitoes (Shin et al. 2011).

Recently, another CTL was found in the cotton bollworm Helicoverpa armigera
(HaCTL3),which is involved in defence against parasites.HaCTL3 enhances haemo-
cytic encapsulation and melanization by interacting with β-integrin. The expression
of HaCTL3 is induced by 20-hydroxyecdysone (20E) treatment while silencing of
the 20E receptor can abolish this response (Wang et al. 2017a, b).

Indeed, C-type lectins play various roles in host–parasite interactions. Investi-
gating and understanding these dramatically different CTL mechanisms during the
parasite defence process may lead to novel strategies to inhibit parasite transmission.
Notably, Yoshida and colleagues generated transgenic mosquitoes expressing the
C-type lectin from sea cucumber Cucumaria echinata, which impairs Plasmodium
berghei oocyst formation. It is the first established Anopheles mosquito engineered
to block parasite transmission (Yoshida et al. 2007).
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5.5 Insect C-Type Lectins and Fungal Infection

Upon fungal infection, the innate immune system of insects must perform all defence
functions because of the lack of adaptive immunity. Therefore, C-type lectins act as
an important component in the defence against fungal infections in insects. Tian and
colleagues identified a C-type lectin from Helicoverpa armigera (Halectin), which
promotes haemocyte phagocytosis of pathogens and protects the insect from fungal
infection (Tian et al. 2009). In addition, C-type lectin 14 (CTL14) from H. armigera
is induced in the fifth larval stage by entomopathogen Beauveria bassiana infection
specifically. Recombinant CTL14 protein can aggregate B. bassiana in vitro while
silencingofCTL14decreases the resistance to fungal infection inH.armigera (Cheng
et al. 2018). Recently, to investigate the role of the JAK/STAT signalling pathway
in the antifungal immune response of silkworm Bombyx mori, Geng and colleagues
revealed that B. mori C-type lectin 5 (BmCTL5) is induced by Beauveria bassiana
infection and showed that BmCTL5 might be a pattern-recognition receptor for the
JAK/STAT signalling pathway in silkworms (Geng et al. 2016).

5.6 Conclusion

Insects utilize lectins to recognize pathogens, gain access to invaders through in vivo
interactions, and eliminate exogenous invaders. Understanding the role of insect
lectins in the insect immune system may provide insight into the interactions
between pathogens and their hosts. Insect CTL genes regulate various innate immune
responses, including pattern recognition, agglutination, encapsulation, melanization,
phagocytosis and prophenoloxidase activation, as well as the maintenance of gut
microbiomehomeostasis. SomeCTLshave specialized functions, such as stimulating
cell proliferation (Table 5.1).

Mosquitoes are one of the major insect vectors of several human diseases in the
world. Themosquito immune response regulates pathogen infection and transmission
via multiple pathways. Specifically, different C-type lectins from A. aegypti have
been found to facilitate the infection of mosquitoes by various arboviruses, including
WNV, DENV and JEV (Cheng et al. 2010; Liu et al. 2014, 2017). Furthermore, other
CTLs that regulate flavivirus infection in mosquitoes may be identified by using
bioinformatics methods to analyse homologous functional domains of the CLTs in
mosquitoes. The development of strategies to inhibit certain C-type lectins in the
flavivirus life cycle may be a promising strategy for flavivirus transmission control.
A better understanding of the role of C-type lectins in insect gut ecology, maintaining
gut microbiome homeostasis or dysregulating the gut microbiota, may offer a novel
target for vector-borne disease control in nature (Pang et al. 2016).

Unfortunately, research on insect lectins is still extremely limited. While a few
studies have focused on certain lectins from a specific species of insect, the molecu-
lar mechanisms underlying the interactions between pathogens and most lectins are
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poorly understood. Current knowledge of CTLs suggests that, in addition to medi-
ating innate immune responses, some insect CTLs have unique functions, such as
antimicrobial activity and stimulating cell proliferation, while other CTLs have mul-
tiple functions. Current research on CTLs mainly focuses on the functional analysis
of individual CTLs, while a general and extensive CTL functional investigation in
insects should be considered. A better understanding of insect CTLsmay promote the
development of novel antibacterial or viral transmission-blocking strategies. Further
investigation into the functions and mechanisms of insect CTLs in innate immunity
is expected because it may contribute to the protection of beneficial insects as well
as the biological control of pests and disease vectors.
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Chapter 6
Galectins in Host Defense Against
Microbial Infections

Fang-Yen Li, Sheng-Fan Wang, Emerson S. Bernardes and Fu-Tong Liu

Abstract Galectins are differentially expressed in a variety of cell types, includ-
ing immune cells, and characterized by the affinity for β-galactoside–containing
glycans. There are fifteen galectin members in mammals. Galectins are primarily
located intracellularly, but can be secreted outside the cells. They exhibit pivotal
roles during microbial infection, such as pathogen recognition and innate and adap-
tive immunity, and this review aims to discuss the functions of endogenous galectins
during infection by four main types of microbes (bacteria, fungi, viruses, and par-
asites). Extracellular galectins are known to exert a bacteriostatic effect on some
bacteria via association with bacterial glycans, whereas cytosolic galectins are rec-
ognized to control antibacterial autophagy by binding to luminal host glycans of
ruptured endo-lysosomes. With regard to fungal infections, most studies deal with
galectin-3. Galectin-3 modulates fungal burdens, the adaptive immune responses,
and mortality in fungi-infected mice, which has been shown to be associated with its
ability to manipulate fungicidal functions in neutrophils and cytokine expression in
dendritic cells. Some viral infections, such as human immunodeficiency virus (HIV)
and influenza virus infections, can be regulated by galectin-1 and -3, and they affect
various aspects of viral infections, including viral binding, replication, budding,
transmission, and infection-associated inflammation. Functions of galectins during a
number of different parasitic infections have been identified in studies using galectin-
knockout mice. Different parasitic infections have consistently demonstrated a role
of galectins in tuning T helper immune responses in infected hosts.
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6.1 Introduction

Galectins, β-galactoside-binding lectins, are found in a variety of cells and tissues,
including immune cells and organs (Liu andRabinovich 2005;Kasai andHirabayashi
1996; Barondes et al. 1994). The basic structure of a galectin includes a carbohydrate
recognition domain (CRD; about 130 amino acids) that interacts with β-galactosides.
Presently, 15 galectins have been identified inmammals (Vasta 2012). They are nucle-
ocytoplasmic proteins synthesized without a classical signal sequence, but can be
secreted via yet unidentified pathway(s). Several studies have focused on the extracel-
lular functions of these proteins. Most of them utilized recombinant galectins added
to single cell type systems and concluded that galectins modulate the cellular func-
tions by binding to certain cell surface glycoconjugates. In vivo evidence is lacking
to firmly establish this mode of action. Administration of recombinant galectins into
experimental animals has also been utilized to corroborate certain extracellular func-
tions; however, galectins do not possess specific receptors and may induce various
cellular responses in different cell types by binding to an array of cell-surface gly-
coconjugates. Therefore, presumably, the observed functions of exogenously deliv-
ered galectins may differ from those of endogenous galectins in vivo, especially
intracellular ones.

A fair number of studies have been reported that utilize the cells with given
galectins knocked down by siRNA or knocked out, such as those isolated from
genetically engineered mice. These studies addressed the functions of endogenous
galectins and many were correlated with the phenotypes associated with knocking
out of selected galectins, specifically in mice. These approaches often concluded
that these proteins function intracellularly; however, eventually, this mode of action
requires in vivo validation as well.

Through these various approaches, numerous galectins have been linked to host–
pathogen interactions. These include direct binding to the microbes, which affects
their survival or functions, modulating the innate or adaptive responses of various
immune cells against microbes either via extra- or intracellular mode of action. In
this review, we elaborate on the previously reported studies addressing the functions
of endogenous galectins.

6.2 Bacterial Infections

Numerous different bacterial species are known to modulate galectin expression in
the mammalian cells. Several studies have revealed a direct antimicrobial effect of
galectins on the bacteria. Galectin-3 binds to Helicobacter pylori via recognition of
LPS O-antigen (Fowler et al. 2006). The binding results in the shape change of H.
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pylori from spiral to coccoid form, and subsequently, leads to bacterial cell death
(Park et al. 2016). Both galectin-4 and galectin-8 recognize blood group B antigen
(BGB) on Escherichia coli via their C-terminal domains, and both are effective in
elimination of BGB-expressing E. coli (Stowell et al. 2010). Similarly, recombinant
galectin-3 suppresses the growth of Streptococcus pneumoniae in vitro (Farnworth
et al. 2008). Compared with wild-type mice, galectin-3 knockout mice develop more
severe pneumococcal pneumonia. Administration of recombinant galectin-3 into
galectin-3 knockout mice reduces S. pneumoniae cell count in blood and alleviates
the degree of infection-induced sepsis, confirming a protective role of extracellular
galectin-3 against S. pneumoniae infection in vivo.

In the aforementioned studies, recombinant galectins were utilized, and in some
of them, employed at micromolar concentrations. It is uncertain whether such high
levels of galectins are present under physiological or pathological circumstances.
Additional studies would be necessary to establish the mode of interaction between
galectins and pathogens.

6.2.1 Intracellular Galectins Regulate the Host Autophagic
Response Against Bacterial Invasion

Intracellular Pathogens

Intriguingly, galectins are presently well-recognized as markers for vacuole lysis
induced by intracellular bacteria. After internalization into the host cells, some inva-
sive bacteria, such as Salmonella Typhimurium and Listeria monocytogenes, may
disrupt the endocytic vesicles surrounding them, which renders the luminal side of
these vesicles, including glycans initially displayed on the cell surface, exposed to the
cytosol. Intracellular galectins, including galectin-3, galectin-8, and galectin-9, were
found to be accumulated in the vicinity of internalized bacteria, and this accumulation
phenomenon requires the presence of host mature glycans (Paz et al. 2010; Thurston
et al. 2012). This suggests that the destruction of endocytic vesicles by intracellular
bacteria allows the exposure of luminal host glycans to cytosolic galectins for recog-
nition, thus leading to their accumulation at the sites of intracellular bacteria in host
cells during an infection.

As reported by Thurston et al., the recruitment of galectin-8 to intracellular bac-
teria in the host cells activates antibacterial autophagy (Thurston et al. 2012). In this
study, it was demonstrated that galectin-8 can interact with NDP52, an autophagy
adaptor. Upon detection of host glycans displayed on damaged phagosomes that ini-
tially contain Salmonella Typhimurium, galectin-8 promotes autophagic clearance
of bacteria-containing vesicles by recruiting NDP52 and its downstream autophagy
machinery. Notably, the recruitment of NDP52 to intracellular bacteria is also gov-
erned by another bacteria-coating signal, ubiquitin. NDP52, which can bind to both
galectin-8 and ubiquitin, was demonstrated to be recruited toward intravacuolar bac-
teria in two phases. Galectin-8-mediated NDP52 recruitment is early, but transient,
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whereas ubiquitin-mediatedNDP52 recruitment occurs later, but is persistent. There-
fore, either of the two “eat-me signals,” galectin-8 and ubiquitin, on invading bacte-
ria was revealed to suffice to target intracellular bacteria for autophagic elimination
(Thurston et al. 2016).

A number of other studies have demonstrated that after sensing the intravacuolar
rupture, galectin-8 binds to several other autophagy-related proteins for autophagic
activation. In Group A Streptococcus (GAS)-infected cells, galectin-8 was found to
interact with parkin, an E3 ubiquitin ligase, and mediate its recruitment to intracellu-
lar GAS (Cheng et al. 2017). Depletion of galectin-8 or parkin in the host cells sup-
presses the coating of ubiquitin on GAS and enhances intracellular GAS replication.
This suggests that galectin-8 can also trigger antibacterial autophagy through parkin.
mTOR, a serine/threonine kinase, is well-known as an essential autophagy regulator
(Kim and Guan 2015). Upon lysosomal damage, mTOR is inhibited for autophagy
activation, and this inhibition was found to be controlled by galectins. Galectin-8
and galectin-9 suppress the mTOR activity by interacting with the Ragulator-Rag
SLC38A9 system and AMPK, respectively, which contributes to the autophagic
elimination of lysosome-damaging intracellular bacteria, such as Mycobacterium
tuberculosis (Jia et al. 2018).

Due to its implication in antibacterial autophagy, galectin-8 was also suggested to
play a pivotal role in noncanonical inflammasome activation during bacterial invasion
(Meunier et al. 2014). Cytoplasmic LPSwas reported to trigger caspase-11-mediated
noncanonical inflammasome activation (Hagar et al. 2013). Since autophagy may
limit the release of LPS into the cytosol by sequestering the invading bacteria
that have escaped from endocytic vesicles, galectin-8-mediated autophagy stimu-
lation presumably results in a reduction in the intracellular LPS amount and thus its
downstream caspase-11 activation.

In addition to galectin-8 and galectin-9, galectin-3 is also implicated in autophagy
regulation during intracellular bacterial infection. Upon endomembrane injury,
galectin-3 recognizes exposed β-galactoside glycoconjugates on damaged mem-
branes and in turn associates with TRIM16 (Chauhan et al. 2016). This galectin-3-
TRIM16 complex acts as a platform to recruit other autophagy regulators, including
Beclin1,ULK1, andATG16L1, for autophagy initiation,which is known to be critical
for protecting the cells from M. tuberculosis invasion. Furthermore, IFN-inducible
guanylate binding proteins (GBPs), which are crucial in host defense against intracel-
lular bacteria, also interact with galectin-3 (Feeley et al. 2017). In a similar manner to
its effect on TRIM16, galectin-3 directs GBP1 andGBP2 to the intracellular vacuoles
damaged by Yersinia pseudotuberculosis or Legionella pneumophila and facilitates
the targeting of these bacteria by ubiquitin and p62, an autophagy receptor.

In contrast to these reports, Cheng et al. (2017) reported a detrimental role of
galectin-3 in the elimination of invading bacteria: galectin-3 decreases the recruit-
ment of galectin-8 and ubiquitin to intracellularGAS, thus resulting in increasedGAS
replication in the host cells. This antagonistic function of galectin-3 on galectin-8was
also demonstrated in our recent study. We observed that galectin-3 recruited to dam-
aged L. monocytogenes-containing phagosomes dampens antibacterial autophagy in
a host N-glycan-dependent manner (Weng et al. 2018). Therefore, although both
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galectin-3 and galectin-8 are accumulated on damaged endocytic vesicles, they may
exert contrasting effects on antibacterial autophagy under certain circumstances.

Interestingly, galectin-3 and galectin-8 exhibit a distinct binding affinity for
sialic acid-containing glycans. Galectin-3 has only one CRD, and its binding to β-
galactoside-containing glycoconjugates is blocked by terminal alpha2,6-sialylation
(Zhuo and Bellis 2011). In contrast, galectin-8 comprises two CRDs, and its N-
terminal CRD exhibits a strong affinity for sialylated galactosides (Carlsson et al.
2007). Thus, an alteration in the extent of terminal sialylation on host glycans may
result in a differential recruitment of galectin-3 and galectin-8 to the intracellular
bacteria. This notion has been proven in our study revealing that removal of terminal
sialic acids on host glycans by sialidase leads to increased and decreased accu-
mulation of galectin-3 and galectin-8 on L. monocytogenes-damaged phagosomes,
respectively, which presumably contributes to attenuated antibacterial autophagy,
and thus, augmented replication of intracellular bacteria (Weng et al. 2018).

Lysosomal Damage Caused by Bacterial Toxins

When secreted extracellularly, several bacterial pore-forming toxins are known to
trigger lysosomal membrane permeabilization (LMP), including listeriolysin O from
L. monocytogenes, perfringolysin O fromClostridium perfringens, and pneumolysin
from S. pneumoniae (Malet et al. 2017). H. pylori vacuolating cytotoxin A (VacA)
is another secreted bacterial toxin with a pore-forming activity and was suspected
to disrupt the endocytic vesicles (Palframan et al. 2012). In our recent study, we
suggested a role ofH. pylori in promoting lysosomal damage in the gastric epithelial
cells as we observed that intracellular galectin-8 aggregation is augmented after
infection, and that these aggregates are mainly colocalized with the lysosomes (Li
et al. 2019). Furthermore, we found that VacA-deficient H. pylori provokes less
galectin-8 aggregation than its wild-type counterpart, thus supporting the possibility
that VacA induces lysosomal injury in H. pylori-infected cells.

6.2.2 Discussion
There are several layers of defense to initiate antibacterial autophagy against intracel-
lular bacteria, including diacylglycerol localization to the bacteria-containing phago-
somes, ubiquitination of cytosol-invading bacteria, and the recognition of intravacuo-
lar damage bygalectins.Galectin-3 depletion increased ubiquitination of intracellular
bacteria, such as GAS (Cheng et al. 2017). This suggests that galectins may regulate
the decoration of cytosolic bacteria by ubiquitin; however, whether an inverse regu-
lation could occur is unknown. Similarly, whether galectins control the accumulation
of diacylglycerol on invading bacteria or vice versa is undetermined. Thus, it may be
worth clarifying whether diacylglycerol, ubiquitin, and galectins affect each other’s
recruitment to cytosolic bacteria during an infection.

Intracellular galectins regulate the antibacterial autophagy by modulating the
recruitment of autophagy proteins to the sites of intracellular bacteria. In addi-
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tion to this mode of action, other possible mechanisms were observed by which
galectins manipulate autophagy activation. For instance, NADPH oxidases stimulate
antibacterial autophagy by generating reactive oxygen species (ROS) (Huang et al.
2009). Galectin-3 is known to suppress ROS-dependent killing of Candida albicans
by neutrophils (Wu et al. 2017) and dampen the phorbol myristate acetate-induced
ROS generation in neutrophils after Toxoplasma gondii infection (Alves et al. 2010).
Hence, it is possible that the functional effect of galectins on antibacterial autophagy
involves the regulation of cellular ROS production.

There are 15 galectin family members in mammals, but the luminal host glycans
on damaged endocytic vesicles are selectively recognized by galectin-1, galectin-3,
galectin-8, and galectin-9. The reason for this difference remains unclear. In addition,
whether these galectins can compete with each other for binding to intravacuolar host
glycans is worth addressing. In our study of the effects of galectin-3 and galectin-8
in antibacterial autophagy in macrophages infected with Listeria monocytogenes,
we found these two galectins do not compete with each other in binding to gly-
cans displayed on phagosomes that are damaged by escaping Listeria. Additional
investigations should provide more insights. The recruitment of galectin-3, galectin-
8, and galectin-9 to bacteria-containing vesicles is known to regulate antibacterial
autophagy, whereas the functional consequences of galectin-1 recruitment to the
injured endocytic vesicles are poorly understood. Since various galectin inhibitors
(such as TD139) were designed to target the glycan-binding pocket of galectins
and may serve as promising drugs for treatment of some human diseases, including
idiopathic pulmonary fibrosis, presumably, we should be aware whether these drugs
hamper the sensing of vacuolar damage by galectins and in turn affect the autophagic
clearance of invading bacteria.

6.3 Fungal Infections

6.3.1 Candida albicans

C. albicans is a commensal fungus that colonizes the skin and mucosal surfaces of
the gut. Galectin-3 is known to exhibit several roles during C. albicans infection. In
C. albicans-exposedmouse neutrophils, galectin-3 executes a function in attenuating
ROS production by downregulating Syk activation (Wu et al. 2017). Thus, compared
towild-typemouse neutrophils, galectin-3 knockout counterparts exhibited increased
ROS-dependent killing of C. albicans. In accordance with this detrimental effect of
galectin-3 on fungal clearance, galectin-3 knockout mice with systemic candidiasis
depicted lesser fungal load, renal pathology, and mortality.

On the other hand, galectin-3 canmodulate cytokine production fromC. albicans-
exposed dendritic cells and in turn affect the T helper immune response in vivo. Our
recent study revealed that infected galectin-3 knockout dendritic cells produce more
Th17-axis cytokines, IL-6 and IL-23, than their infected wild-type counterparts, and
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that adoptive transfer of these infected knockout cells into wild-type mice induces
stronger Th17 responses (Fermin Lee et al. 2013). Such higher Th17 responses may
confer protection against C. albicans infection due to the observation that fungal
load in mice receiving infected galectin-3 knockout dendritic cells is lower than that
in mice receiving infected wild-type dendritic cells.

6.3.2 Histoplasma capsulatum

Histoplasma capsulatum is a dimorphic fungal pathogen that causes histoplasmosis.
Similar to that observed in C. albicans-infected dendritic cells, galectin-3 deple-
tion enhanced the IL-23 production in H. capsulatum-infected dendritic cells (Wu
et al. 2013). In a systemic histoplasmosis mouse model, galectin-3 knockout mice
presented lesser fungal load and higher Th17 responses than wild-type mice. Admin-
istration of an IL-17A-neutralizing antibody increased the extent of fungal load in
galectin-3 knockout mice to a level comparable to that in wild-type mice. Hence, it
was inferred that galectin-3 suppresses the ability of the host to clear H. capsulatum
via negative regulation of IL-17A response.

6.3.3 Paracoccidioides brasiliensis

Paracoccidioides brasiliensis, a dimorphic fungus, is the causal agent of paracoc-
cidioidomycosis. Different from those found in C. albicans- and H. capsulatum-
infected mice, galectin-3 deficiency leads to increased fungal load and less survival
in P. brasiliensis-infected mice (Ruas et al. 2009). This greater susceptibility to P.
brasiliensis infection in galectin-3 knockout mice was suggested to be associated
with an impaired delayed-type hypersensitivity (DTH) reaction and enhanced Th2
immune responses.

6.3.4 Discussion

Although galectin-3 affects the T helper cell responses by tuning cytokine production
in dendritic cells during fungal infection, the detailed mechanism of this cytokine
regulation remains unclear. The Notch signaling pathway plays a crucial role in T
helper cell differentiation (Amsen et al. 2015), and its activation can be controlled
by galectin-3. During Leishmania major infection, the absence of galectin-3 triggers
Notch signaling activation and cytokine expression in dendritic cells and affects T
helper polarization (Fermino et al. 2016). Thus, it may be worth examining whether
galectin-3 modulates cytokine production from fungus-infected dendritic cells via
the Notch signaling pathway in future studies.
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In addition to bacterial infection, fungal infection can mediate the disruption of
endocytic vesicles. C. albicans is a polymorphic fungus that can switch between
yeast and hyphal forms (Berman 2006). Following phagocytosis, C. albicans yeast
cells transit to the hyphal form within phagosomes, and the intraphagosomal hyphal
growth has been found to stretch the phagosomal membrane and eventually cause the
rupture of phagosomes (Westman et al. 2018). Since such endomembrane damage
is presumably recognized by galectins, it will be interesting to address whether
cytosolic galectins are recruited toward intracellular C. albicans hyphae via binding
to glycans on the remnant of ruptured phagosomes around the fungus, thus affecting
fungal growth via autophagy regulation.

6.4 Viral Infections

Information regarding the role of galectins in viral infection, replication, and dissem-
ination is limited. The reported studies mainly focused on the effects of galectins on
the extracellular aspects, which are mediated via their CRD interaction with glycans
on the envelope or capsid proteins of the virions or host cell surfaces. Several effects
were demonstrated by the use of recombinant proteins added in vitro to viruses
or to mammalian cells in a single cell type system. The pitfalls of this approach
are mentioned in the Introduction section. We need to consider the real effects in the
in vivo environment. Functions of endogenous galectins have gradually gained atten-
tion and the findings suggested that they can exert regulatory effects by functioning
intracellularly, where they interact with other intracellular proteins via protein–pro-
tein interaction rather than protein–glycan interaction. Various reports indicated that
galectin-1 and galectin-3 present either positive or negative regulation on virus infec-
tions, whereas galectin-9 normally displays negative regulatory effects, suggesting
antagonizing effects or therapeutic applications of these galectins in the viral infec-
tions. In this section, we focus on studies in which the role of given galectins was
investigated by using systems where galectins were knocked down or knocked out,
thus aiming to address the functions of endogenous galectins. Several studies have
reported the modulation of galectin expression by viruses; however, these are not
discussed in this review.

6.4.1 DNA Virus Infection

6.4.1.1 Minute Virus

Theminute virus of mice (MVM), comprising a single-stranded DNA genome, is the
prototype virus of the Protoparvovirus genus within the Parvoviridae family. Infec-
tion of MVM can cause multiple organ damage in mice during fetal development
or shortly after birth (Baker 1998; Lopez-Bueno et al. 2008). MVM is one of the
most common viral pathogens in laboratory mice, occurring both in conventionally
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housed mice and those maintained in a strict barrier system. Parvoviruses remain a
major threat to laboratory mouse colonies (Lopez-Bueno et al. 2008) and are mon-
itored by extensive health surveillance programs. A study found that galectin-3 and
Mgat5 (a glycosyltransferase associated the synthesis of oligosaccharides recog-
nized by this galectin) are both necessary for efficient cell entry and infection by the
MVM prototype strain (MVMp). Since MVM can be a contaminant of cell lines and
transplantable tumors (Nicklas et al. 1993), the study also demonstrated that human
cancer cells with higher expression of galectin-3 exhibited higher susceptibility to
infection by MVMp than those with lower levels of galectin-3. The results indicate
that galectin-3 and Mgat5 are linked to MVMp infection and that galectin-3 is a
factor of MVMp oncotropism (Garcin et al. 2015).

6.4.1.2 Adenovirus

Adenoviruses are non-enveloped double-stranded DNA viruses belonging to the
genus Mastadenovirus. These are majorly responsible for respiratory illness; how-
ever, they can also infect numerous human tissues and cause several other illnesses,
including hepatitis, conjunctivitis, myocarditis, and gastroenteritis (Ghebremedhin
2014). Galectins are known to participate in cellular defense against bacterial infec-
tions via binding to glycans on damaged intracellular vacuoles. These vacuoles ini-
tially contain phagocytosed bacteria and are damaged as the bacteria escape from
the vacuoles. This process can be followed by autophagic activation, as is in the case
of galectin-8, leading to the formation of autophagosomes and bacterial destruction
(Thurston et al. 2012); however, galectin-3 can suppress autophagic activation in
these situations (Weng et al. 2018). It has recently been reported that adenoviruses
were also able to damage the endosomal membrane in order to penetrate into the
cytoplasm by its capsid PPxY motif via interacting with intracellular galectin-8.
Similarly to bacterial infection, this further causes sequestration of the autophagic
receptors NDP52 and p62 (Montespan et al. 2017).

6.4.2 RNA Virus Infection

6.4.2.1 Human Immunodeficiency Virus

Human immunodeficiency virus (HIV) belongs to the family Reoviridae and genus
Lentivirus. HIV is classified into HIV-1 and HIV-2 based on the genetic characteris-
tics and differences in the viral antigens. The major propagation route of HIV-1 is via
cell-to-cell contact without the involvement of viruses freely present in the extracel-
lular space during the transmission process (Bracq et al. 2018; Poli 2013). In recent
years, a number of studies demonstrated the role of galectins in HIV-1 infection.
Galectin-1 is abundantly expressed in the thymus and lymph nodes and secreted by
various immune cells, such as activated CD8 T lymphocytes. Human recombinant
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galectin-1 facilitates HIV-1 infection of macrophages and CD4 T cells, via accel-
erating HIV-1 binding to the susceptible cells in a β-galactoside-dependent manner
(Ouellet et al. 2005); however, as aforementioned, this approach might not address
the function of endogenous galectin-1 in vivo. In addition, the exosomes derived
from dendritic cells (DC) were found to contain galectin-3 and promote HIV-1 infec-
tion. The authors demonstrated that β-lactose (an inhibitor of galectin-3) blocked DC
exosome-mediatedHIV-1 infection ofT-cells (Kulkarni andPrasad 2017), suggesting
that galectin-3 in exosomes contributes to the effect of exosomes in aCRD-dependent
manner. Nevertheless, exosomes are extracellular vesicles derived frommultivesicu-
lar endosomes and contain cytosolic proteins, lipids, and nucleotides, in their lumen.
Galectin-3 present in the lumen of DC exosomes may not be able to interact with
cell surface glycoconjugates via its CRD. In contrast, exosome-associated galectin-3
may exert intracellular functions in the recipient cells, after the exosomes are taken
up by these cells.

A study on HIV-infected macrophages (as the viral reservoir) revealed that
galectin-3 expression in HIV-1-infected THP-1-derived macrophages induces cell
death in a caspase-independent pathway. This suggests the role of galectin-3 in erad-
ication of HIV-1 infectedmacrophages (Xue et al. 2017). This was also demonstrated
with the use of a recombinant protein added exogenously to the cells. In contrast,
our recent study revealed that endogenous galectin-3 promotes HIV-1 budding via
stabilization of the apoptosis-linked gene 2 (ALG-2)-interacting protein, Alix (for-
merly known as AIP1), a protein that harbors binding sites for both ESCRT-I and
ESCRT-III as well as p6Gag (Wang et al. 2014). Our unpublished data also suggest
that endogenous galectin-3 is involved in regulation of virological synapse formation
as well as mediating cell-to-cell transmission of HIV-1. The contribution of galectin-
3 in HIV-1 infection is further strengthened by the finding that HIV-1 infection of
CD4 T lymphocytes induced galectin-3 expression; this occurs through the HIV-1
transcription factor that binds to the galectin-3 promoter (Fogel et al. 1999).

6.4.2.2 Enterovirus

Enteroviruses are positive-sense single-stranded RNA viruses linked with various
diseases in mammals, including humans. While there are many serotypes of this
virus, enterovirus type 71 (EV71) is more widely studied and known to be one of
the major causative agents of hand-foot-and-mouth disease. These may also cause
aseptic meningitis, brainstem encephalitis (BE), and acute flaccid paralysis that is
indistinguishable from poliomyelitis (Wang et al. 2003), and may be associated with
a high mortality rate (26%) (Wang et al. 1999). Infection of EV71 begins with the
attachment of the virion to the surface of the target cells. In a model cell system,
galectin-3 was found to positively regulate EV71 replication, as the viral load was
significantly reduced when galectin-3 was knocked out in the host cells (Huang et al.
2016).
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6.4.2.3 Influenza Virus

Influenza viruses belong to the familyOrthomyxoviridae.They comprise an envelope
and negative-sense single-strand RNA segments (Arbeitskreis Blut UBBK 2009).
There are four major serotypes of influenza virus, including A, B, C, andD. Influenza
A andBvirus infections often cause severe illness in humans. InfluenzaAvirus (IAV)
has been reported to cause pandemics via reassortment of eight RNA segmented
genomes, which are also defined as the antigenic shift. All subtypes of IAVs have
been found in the avian population, whereas influenza A, B, and C are known to
infect humans (Spackman 2008). Considering the role of galectins in influenza virus
infection, a study indicated that treatment of galectin-1 induced influenza A H1N1-
infected BEAS-2B (the human bronchial epithelial cells) to be arrested at the G0/G1
phase in vitro (Fang et al. 2014), suggesting that galectin-1 regulates influenza virus-
infected cell via apoptosis. Another study found that galectin-1 was upregulated in
the lungs of mice inoculated with influenza A/WSN/33 H1N1, indicating a positive
correlation between galectin-1 levels and viral loads during the acute phase of viral
infection in vivo (Yang et al. 2011). This study also found that cells treated with
galectin-1 presented lower viral yields when exposed to influenza virus in vitro,
suggesting that galectin-1 is able to ameliorate influenza virus pathogenesis (Yang
et al. 2011). Another study reported that aloe-emodin treatment both helped the cell
resist IAV infection and upregulated galectin-3 expression. The authors proposed that
galectin-3 is responsible for the therapeutic effect of this agent, because they also
showed that recombinant galectin-3 inhibited IAV replication in infected cells (Li
et al. 2014). However, additional experiments are required to provide evidence that
the inhibitory effects of this agent is indeed through its upregulating of galectin-3, and
through the induced galectin-3 being secreted and exerting its effect extracellularly.

Highly pathogenic avian influenza A H5N1 virus is known to cause pneumonia
and acute respiratory distress syndrome in humans, inducing an excessive inflamma-
tory response contributing to develop severe disease and high mortality rates (Chen
et al. 2018). Recently, we demonstrated that endogenous galectin-3 enhanced the
effects of H5N1 infection by promoting host inflammatory responses in the mouse
lungs, which was due to upregulation of IL-1β production and activation of NLRP3
inflammasome (Chen et al. 2018). Severe inflammation can cause cellular and tissue
damages and contribute to morbidity and mortality associated with influenza virus
infection. Therefore, endogenous galectin-3 might contribute to the high mortality
rate caused by H5N1.

6.4.3 Discussion

Viral infection is one of the most serious microbial infections since most viruses
hijack host cell components to assist their life cycle including replication, budding
and transmission, subsequently leading to damage or kill the cells, which cause
illness. Another reason for viral infections being serious is that treatment for most
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of the viral infection can only help alleviate the general symptoms while the host
immune system is activated to fight the virus. Therefore, the immune system is a
key component for the host to against virus infection. In addition, some host factors
have been known to be generated during virus infections and these factors may show
inhibitory or enhancing capabilities via their intracellular or extracellular functions.

For instance, endogenous galectins as cellular factors are known to regulate the
immune responses as well as viral infections. Despite a number of studies done
on galectins effects on viral infection, most of them emphasize on extracellular
functions of galectins on viral infection using treatment with recombinant galectins.
Nevertheless, the intracellular function of galectins has gradually drawn attention in
the virological field. The effects of endogenous galectins on regulating viral infection
or dissemination might act indirectly interacting with cellular components which are
important factors that are hijacked by virus or directly on virus replication related
components. As described above, in a number of cases, endogenous galectins have
been shown to help the virus, for example galectin-3 on MVMp, HIV-1, and EV71
infections. In addition, galectin-3 was reported to trigger NLRP3 inflammasome
to induce severe inflammation in mice lung after receiving H5N1 avian influenza
infection (Zhuo and Bellis 2011). Thus, galectin-3 may regulate immune response
and subsequently affect virus infection.

Overall, galectins may have big roles when it comes to viral infection, due to the
potential to help or counteract viral infection. Currently, there is still a great deal to
be studied regarding the roles of galectin in virus binding, replication, budding and
transmission. This will ultimately require studies in the in vivo settings, including
the use of animal models. Continued studies in this direction promise to result in
pharmaceutical agents that are useful in treatment of viral infections by targeting
galectins.

6.5 Parasitic Infections

It has been long known that both unicellular and multicellular parasites, display
on their surface and/or shed into the host circulation, glycans structures similar to
those recognized by host galectins. In accordance with this, galectins interact with
parasite glycoconjugates and play a pivotal role in pathogen recognition, host cell
invasion, and parasite escape. More importantly, studies conducted with galectin-
deficient mice using different models of parasitic infections have revealed a role
of endogenous galectins in modifying the innate and adaptive immune responses
against parasites.

The parasitic infections are mainly caused by protozoans (unicellular eukaryotic
organisms) and helminths (multicellular worms). The major classes of protozoan
parasites (Plasmodium, Entamoeba histolytica, Leishmania, Trypanosoma, and Tox-
oplasma) and the three classes of helminths (nematodes, trematodes, and cestodes)
are still a leading cause ofmorbidity andmortality in the developing countries. There-
fore, research on the role of galectins in establishing a host–parasite interaction can
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provide novel insights into the molecular pathology of these parasites and also gener-
ate novel therapeutic targets to control the parasitic infections. Even though parasites
possess galectin-like molecules capable of recognizing the host glycome, parasite
glycan-binding proteins are not included in this chapter.

6.5.1 Helminths: Multicellular Parasites

6.5.1.1 Schistosoma

Schistosomiasis is a major parasitic disease caused by parasitic trematodes. Humans
are affected by three Schistosoma species (Schistosoma japonicum, Schistosoma
mansoni, and Schistosoma haematobium) and the disease is mainly characterized
by chronic hepatic damage due to the formation of granulomas around tissue-
trapped eggs. It has been previously reported that schistosome glycoconjugates con-
taining terminal GalNAcβ1–4GlcNAc (LacdiNAc (LDN)) glycans or their fucosy-
lated derivatives containing GalNAcβ1–4(Fucα1–3)GlcNAc (LDNF) are abundant
on the surfaces of worms and eggs (van Remoortere et al. 2000). These glycans
are highly antigenic and can be also found in the circulation of the infected host.
Indeed, it was demonstrated that inert beads coated with terminal LacdiNAc or
Galβ1-4GlcNAc (LacNAc, LN) can trigger granulomatous lesions similar to the
ones caused by Schistosoma eggs during chronic schistosomiasis (Van de Vijver
et al. 2006). Galectin-3 but not galectin-1 was identified as a major LDN-binding
protein in immune cells, Schistosoma eggs and in liver granulomas of S. mansoni-
infected hamsters (van den Berg et al. 2004). Soon after these discoveries, numerous
experimental studies using S. mansoni-infected galectin-3-knockout mice compared
with infected wild-type mice revealed that, in the absence of galectin-3, the granu-
lomas were smaller in diameter and displayed remarkable changes in the mono-
cyte/macrophage, eosinophil, and B lymphocyte subpopulations (Oliveira et al.
2007). Similar results independently reported by other laboratories revealed that S.
mansoni-infected galectin-3-knockout mice mounted a biased cellular and humoral
Th1 response and developed a reduced number of liver granulomas both in the acute
and chronic phases of experimental infection. This indicates that galectin-3 canmod-
ulate the immune/inflammatory responses during S. mansoni infection (Breuilh et al.
2007). In addition, during the course of S. mansoni infection, galectin-3-knockout
mice displayed an increase in plasma cell numbers in the bone marrow, spleen,
and mesenteric lymph nodes and atypical peritoneal IgM +/IgA+ B1a and B1b
lymphocytes compared to galectin-3-knockout mice (Oliveira et al. 2016).

Interestingly, besides a direct role for galectin-3 in the inflammatory/immune
response mounted against the parasite, the above-mentioned studies also indicated
a role for galectin-3 in B cell differentiation/activation, which was further con-
firmed in conditions not related to microbial infection (de Oliveira et al. 2018).
Despite some controversies found in the literature regarding the role of galectin-3 in
the Schistosomiasis (Bickle and Helmby 2007), undoubtedly, the host-like glycans
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expressed/secreted by this parasite may be recognized by endogenous galectin-3.
Nevertheless, to date it has been difficult to quantify and verify the extent to which
the interaction of extracellular galectin-3 with these glycans accounts for all the phe-
notypes reported in S. mansoni-infected galectin-3-knockout mice. Indeed, similar
immune response signature has also been reported in other infection models (Fer-
mino et al. 2016; da Silva et al. 2017; Fermino et al. 2013; Bernardes et al. 2006),
in which the recognition of glycans by extracellular galectin-3 is irrelevant. This
indicates that these phenotypes are directly linked to the intracellular functions of
galectin-3 rather than an extracellular role.

6.5.1.2 Leishmania sp.

Leishmaniasis is an infection caused by an intracellular parasite of the genus Leish-
mania and is transmitted by the bite of a sandfly (genera Phlebotomus and Lut-
zomyia), which is endemic to tropical and subtropical regions. Clinical manifesta-
tion of Leishmaniasis can be classified into four types: cutaneous, diffuse cutaneous,
monocutaneous, and visceral leishmaniasis (Kevric et al. 2015). The disease is driven
by a classic T-helper (Th) cell type response, resulting in expanded Th1, Th2, and
T regulatory (Treg) cell populations. While Th1 CD4+ response leads to protozoal
killing, the predominance of Th2 CD4+ response results in persistence and spread of
infection. Treg cells, in contrast, modulate the immune response against the parasite
and limit the damage to the host (Kevric et al. 2015).

The roles of galectins in innate and adaptive immune responses and host–
pathogen interactions during Leishmania infection have been investigated over the
past 15 years. Pelletier and Sato (Pelletier and Sato 2002) first demonstrated that
galectin-3 may play a pivotal role in the infection by Leishmania major. These
researchers reported that L. major surface lipophosphoglycans interact with extra-
cellular galectin-3 producedby the immune cells at the site of infection.After binding,
galectin-3 becomes susceptible to the cleavage by zinc metalloproteases, resulting
in truncated galectin-3 lacking the N-terminal domain implicated in lectin oligomer-
ization and not being able to exert immunomodulatory functions. The same group
also demonstrated that galectin-3 secreted at the infection site stimulates the migra-
tion of neutrophils, which helps restrict the parasite spread during acute L. major
infection (Bhaumik et al. 2013). These results were corroborated in the work by
Fermino et al. (Fermino et al. 2013), who revealed that L. major-infected galectin-
3-knockout mice displayed increased susceptibility to L. major infection and higher
parasite load when compared with wild-type mice. In addition, Fermino et al. (2016)
also demonstrated that endogenous galectin-3 may modulate the Th1/Th2 immune
response, and consequently provide immunity against L. major, by interacting with
the Notch signaling components. These authors found that the absence of galectin-3
in dendritic cells leads to increased Jagged-1/Notch pathway signaling andproinflam-
matory cytokines, which could be reverted by the addition of exogenous galectin-3
(Fermino et al. 2016). Corroborating these in vitro findings, the draining lymph
nodes and footpad lesion cells from L. major-infected galectin-3-knockout mice also
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presented enhanced levels of Notch signaling components, which contribute to the
augmented and mixed Th1/Th2 responses observed in these mice (Fermino et al.
2016).

6.5.1.3 Toxoplasma gondii

Toxoplasmosis is caused by a protozoan T. gondii, an obligate intracellular parasite
capable of infecting mammals and birds (Calero-Bernal and Gennari 2019). Experi-
mental infection of mice with T. gondii provides a model to study mechanisms of T
helper 1 cell-mediated response to the intracellular infections. In general, resistance
to T. gondii infection has been associated with the establishment of a polarized Th1
response, characterized by the high production of IFN-γ directed by IL-12 from den-
dritic cells. More recently, it has been reported that IFN-γ produced by cells involved
in innate immunity (NK cells and neutrophils) is a crucial determinant of parasite
resistance (Sturge et al. 2013).

Studies using galectin-3-knockout mice provided evidence that galectin-3 is cru-
cial in the experimental infection by T. gondii (Bernardes et al. 2006). T. gondii-
infected galectin-3-knockout mice displayed a heightened Th1 response driven by
increased amounts of IL-12 produced by dendritic cells, suggesting that endoge-
nous galectin-3 acts as a negative modulator of IL-12 production by dendritic cells.
As a consequence, this regulation influences the assembly of the adaptive immune
response against this parasite (Bernardes et al. 2006). Further, it was demonstrated
that activation of Notch signaling in bone marrow dendritic cells (BMDCs) upon
stimulation with Jagged1 was more pronounced in galectin-3-knockout BMDCs,
leading to an increased cytokine production (Fermino et al. 2016). Interestingly,
the surface plasmon resonance assay revealed that galectin-3 binds to Jagged1 and
reduces the turnover of this protein in endothelial cells (Dos Santos et al. 2017).
Thus, it has been proposed that cell surface galectin-3 binds to Jagged1 in BMDCs,
thus controlling the activation threshold of this cell type, although an intracellular
role of galectin-3 cannot be excluded.

The expression of galectin-1 and galectin-3 was also upregulated in both genet-
ically susceptible (C57BL/6) and resistant (Balb/c) mice after infection with T.
gondii, whereas galectin-9 expression was increased only in the susceptible mice
(Chen et al. 2017). Despite this differential expression, the blockade of potential
galectin-binding-partners on the cell surface using lactose (galectins’ inhibitor) was
not enough to change the ocular pathology of resistant mice (Chen et al. 2017). The
results speak against an exclusive cell surface role of galectin-3 and point out that
intracellular galectin-3 might account for several functions attributed to this protein.

Currently, it is also known that galectin-3 binds to the surface glycosylphos-
phatidylinositols (GPIs) of T. gondii. GPI–galectin-3 interaction, collectively with
Toll-like receptors (TLR2 and TLR4), is important for T. gondii recognition by
macrophages (Debierre-Grockiego et al. 2010) and also stimulates the production of
matrix metalloproteinase-9 bymacrophages, which in turn degrades the extracellular
galectin-3 (Debierre-Grockiego et al. 2010). Similar to what has been demonstrated
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in other experimental infection models, endogenous galectin-3 has been also associ-
ated with enhanced recruitment and activation of neutrophils during T. gondii infec-
tion (Alves et al. 2010, 2013). These data reinforce a role for endogenous galectins
in orchestrating innate immunity, which does not necessarily depend on whether
galectin binds to glycans on the parasite surface.

6.5.1.4 Plasmodium sp.

Malaria is a disease caused by a protozoan belonging to the Plasmodium genus and
is transmitted by the bite of Anopheles female mosquitoes infected with the parasite.
The severe form of malaria is characterized by cerebral malaria, severe anemia,
hypoglycemia, pulmonary edema, acute kidney injury, and jaundice (White 2018).

Galectins, in particular galectin-3 and galectin-9, have been found to display vary-
ing roles in the experimentalmalariamodels; however, the precisemechanismbehind
these functions remains unclear. Lack of galectin-3 in susceptible mice (C57Bl/6)
resulted in partial but significant protection from experimental cerebral malaria by
Plasmodium berghei, associated with a minor increase in parasitemia in these mice
(Oakley et al. 2009). Different results were reported by Toscano et al. (Toscano et al.
2012), where the absence of galectin-3 in C57BL/6 mice did not change the systemic
parasitemia of mice infected with P. berghei. In fact, the roles of galectin-3 in exper-
imental malaria seem to be species-specific, since the lack of this lectin decreased
parasitemia during P. yoelii infection, but did not change the course of infection
caused by P. berghei and P. chabaudi (Toscano et al. 2012).

A potential role of galectin-9 during experimental malaria has also been proposed.
Galectin-9 expression was significantly upregulated throughout the infection, in the
lung, liver, and spleen, after P. berghei infection. In the meantime, there was some
upregulation of galectin-3 and galectin-8 at the beginning of the infection, but no
change was observed in galectin-1 expression (Xiao et al. 2016; Liu et al. 2016).
In an independent study, it was demonstrated that patients with acute P. falciparum
malaria comprised high concentrations of serum galectin-9, which was associated
with disease severity (Dembele et al. 2016).

Despite the apparent increase in the expression of galectin-9 throughout the exper-
imental infection byP. berghei, specificmechanisms of action in the pathophysiology
of malaria have not been proposed or demonstrated in these studies. In another study,
α-lactose (a galectin inhibitor) was injected into the P. berghei-infected mice and this
treatment resulted in increased parasitemia and mortality (Liu et al. 2016). Based on
these results, the authors concluded that galectin-9 (and its binding partners) plays
a major protective role in the immunopathology caused by P. berghei. However,
notably, α-lactose is not specific for galectin-9 and can bind to other galectins, and
might have effects on cellular responses not associated with galectins. Essentially,
most of the functions attributed to galectin-9 are associated with the interaction with
its extracellular binding partners, Tim-3. However, galectin-9 as well all the other
members of the galectin family, are crucial role in controlling immune response and
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inflammatory tissue damage by acting intracellularly, which has been overlooked in
some of these studies.

6.5.1.5 Trypanosoma cruzi

The hemoflagellate protozoan Trypanosoma cruzi is the agent of Chagas disease, a
parasitic vector-borne disease transmitted by arthropods fromTriatominae subfamily.
Chagas disease is the major cause of infectious myocarditis and affects numerous
people in Central and Latin America (Cunha-Neto and Chevillard 2014; Duran-
Rehbein et al. 2014). Trypomastigote and amastigote forms of T. cruzi coexist in the
infected mammals. While a small amount of trypomastigote forms circulate through
the bloodstream, enabling its spread and transmission, the amastigote forms remain
in the cytoplasm of a wide variety of cell types, where they replicate and cause tissue
damage (Tarleton 2015).

The initial studies aimed at identifying T. cruzi glycans were initiated more than
four decades ago (Alves andColli 1975) and it took a fewyears until Araújo Jorge and
de Souza (de Araujo Jorge and de Souza 1984) first demonstrated that neuraminidase
treatment increased the uptake of epi- and trypomastigote forms bymacrophages and
this effect could be blocked by galactose.Notwithstanding, only 16 years laterMoody
et al. (Moodyet al. 2000) demonstrated unequivocally for thefirst time that exogenous
galectin-3 could bind to T. cruzi surface glycans and promote the binding of this
parasite to matrix glycoproteins. Later, the same authors extended their findings
and reported that endogenous galectin-3 expression is required for T. cruzi adhesion
to human cells, allowing the parasite entry (Kleshchenko et al. 2004). In addition,
endogenous galectin-3 accumulates around the amastigotes, thus contributing to the
process of invasion and intracellular trafficking, by accumulating around the parasites
shortly after they escape the parasitophore vacuoles inside the cell (Machado et al.
2014; Reignault et al. 2014). Nonetheless, despite the fact that studies with T. cruzi-
infected galectin-3-knockout mice corroborated the role of galectin-3 in fine-tuning
the innate and adaptive immune response (da Silva et al. 2017; Pineda et al. 2015),
they did not support the role of galectin-3 in T. cruzi adhesion and invasion. Indeed, T.
cruzi replicated even more in the galectin-3-knockout than in wild-type mice. These
results may indicate at least two points of view: (1) galectins are redundant and these
findings point to a possible role of other galectin family members in T. cruzi adhesion
and invasion; (2) in in vivo studies using Lgals3−/− mice, the intracellular functions
of galectin-3 in all cell-types combined overcome the extracellular role in some
particular cell type, which makes it difficult to confirm certain expected phenotypes
in vivo. In contrast, Acosta-Rodriguez et al. (Acosta-Rodriguez et al. 2004) blocked
the expression of galectin-3 by using antisense nucleotides and demonstrated that B
cell differentiation toward a plasma cell phenotype was favored. Furthermore, the
role of galectin-3 in favoring a memory cell phenotype was also confirmed by the
use of galectin-3-knockout mice (Oliveira et al. 2009).
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Besides galectin-3, several other members of the galectin’s family have been
found to bind to surface proteins of T. cruzi parasite, including galectin-1, galectin-
4, galectin-7, galectin-8, and galectin-14 (Pineda et al. 2015). It has been reported
that galectin-1 is upregulated in the cardiac tissue from patients with Chagas disease
(Giordanengo et al. 2001), B cells from T. cruzi-infected mice (Zuniga et al. 2001),
T. cruzi-infected macrophages (both from in vitro and in vivo infection) (Zuniga
et al. 2001), and cardiac cells after in vitro infection (Benatar et al. 2015). Although
in vitro studies demonstrated that exogenously added galectin-1 can inhibit repli-
cation of the parasite inside macrophages and cardiac cell line (Zuniga et al. 2001;
Benatar et al. 2015),T-cruzi-infected galectin-1-knockoutmice presented lowermor-
tality and lower cardiac parasite load (Poncini et al. 2015). In contrast, the in vitro
studies highlighted that galectin-1 was capable of inducing apoptosis in T cells (Per-
illo et al. 1995; Toscano et al. 2007). Corroborating these in vitro data, T-cruzi-
infected galectin-1 knockout mice presented an increased number of CD8(+) T cells
and higher frequency of IFN-γ-producing CD4(+) T cells in the muscle tissues and
draining lymph nodes (Poncini et al. 2015), indicating that at least in vivo the main
role of endogenous galectin-1 is inducing death of the activated T cells. Although dif-
ferent galectin-family members can interact in vitro with glycans on the surface of T.
cruzi and control parasite invasion and replication, the data obtained using galectin-
deficientmice have revealed that galectinsmay control the parasitic infectionsmainly
by regulating the innate and adaptive immune responses.

6.6 Discussion

Most galectins are bivalent or multivalent and can mediate cell-cell and cell-
extracellular matrix interaction, and therefore, it was hypothesized that these
galectins could also mediate parasite–host cell and parasite–host extracellular matrix
adhesion. Indeed, the initial studies on the role of galectins in the host–parasite rela-
tionship emphasized on this specific ability of few members of the galectin family.
However, despite numerous studies reporting that different galectins could bind to
a wide range of parasitic organisms and favor their binding and cell invasion, stud-
ies using galectin-deficient mice revealed that parasite binding and invasion were
favored in the absence of specific galectins instead. After parasite invasion and con-
sidering that galectins can be found in the cytoplasm, it was also predictable that the
cytosolic galectins could still interact with parasite glycans, affecting parasite escape
from the parasitophorous vacuole andmultiplication. Although it cannot be ruled out
that cell surface and/or cytosolic galectins may interact with parasite glycans, these
mechanisms do not seem essential for the parasite to establish successful infection.

In contrast, galectin-deficient mice revealed a role for galectins in modulating
the innate and adaptive immune responses. As a result, it has been reported that
galectins control the immune cell migration, activation, and differentiation, which
directly or indirectly will determine the type, intensity, and duration of the inflam-
matory stage and parasite-specific immune response. In vitro studies have revealed
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that galectins can form structures called lattice by binding several glycan receptors
on the cell surface. By doing so, galectins can influence the turnover rate of cell sur-
face receptors, either by increasing or decreasing the activation threshold of immune
cells. Indeed, it has been reported that immune cells from galectin-deficient mice
display an increased or decreased expression of different types of receptors, which
are associated with the development of a deficient or heightened immune response
against a parasitic infection. In a similar manner, but acting intracellularly, it has also
been demonstrated that galectins control the expression of cell surface receptors and
modulate the activation of immune cells. Therefore, as far as host/parasite relation-
ship is concerned, it seems that interaction of galectins with self-glycans/receptors,
expressed either on the cell surface or intracellularly, play a pivotal role in determin-
ing the outcome of the parasitic infection, overshadowing the role of galectin-parasite
glycan interaction.

6.7 Conclusions

The functions of various endogenous galectins in bacterial, viral, fungal, and parasitic
infections are summarized in Fig. 6.1. Although in this review we focus on the
functions of endogenous galectins, we also include some studies dealing with the
effects of exogenously added galectins. In the latter, we added few comments on
the possible pitfalls with the approaches. Regardless, a great deal of knowledge has
been accumulated with regard to the galectin function in host–microbe interactions;
however, it is evident a great deal remains to be investigated.

Fig. 6.1 Functions of endogenous galectins
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Galectins can be found in the nucleus, cytoplasm, and are secreted via an unchar-
acterizedmechanism. They can play a role in the host–microbe relationship by acting
in three different ways:

(1) Extracellular/cell surface-bound galectin can interact with the glycans on the
microbes and affect the survival of the microbes or promote microbe adhesion
on and invasion of host cells

(2) Extracellular galectin can interact with the host glycans and control the response
of the host cells infected by the microbes

(3) Intracellular galectin can interact with the intracellular host proteins and con-
trol the response of cells to microbial infection, in a fashion that may not be
dependent on glycans.

In addition, recent reports have shown that intracellular/cytoplasmic galectin can
interact with the microbial glycans. Moreover, an intriguing host–microbe interac-
tion that is gaining significant attention is the galectin-mediated modulation of host
cell responses by binding to glycans in the microbe-containing phagosomes. These
glycans initially reside in the lumen but subsequently are exposed to the cytosol,
when the phagosomes were damaged, as the microbes escape into the cytosol.

In relation to these mode of interactions, studies reporting the functions with
the use of exogenously added galectins would inevitably conclude that galectins
function extracellularly. In contrast, studies of endogenous galectins often led to
the conclusion that galectins function intracellularly. Additional studies are clearly
needed to firmly establish the mode actions.

Specific inhibitors targeting the individual galectins are needed to elucidate the
mechanism of galectin-mediated host–microbe interaction. Neutralizing antibodies
against various galectinswould be useful to establish themode of interaction between
galectins and pathogens and revealing whether galectins function intracellularly or
extracellularly. Unfortunately, neutralizing antibodies against galectins are scarce.

Small molecule inhibitors of galectins would also be useful. Inhibitors that do not
penetrate inside the cells and yet suppress galectin binding and killing of microbes
would help establish the modulatory function of extracellular galectins via direct
binding to the microbes. For some galectins, specifically galectin-3, the use of their
inhibitors in in vitro experiments has also shed light on their functions and, further-
more, some of these inhibitors were reported to be effective in vivo. However, the
specificity of these inhibitors has not been firmly established in vivo and whether
their effects indeed result from specifically targeting the given galectins has yet to
be definitively established.
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Chapter 7
Galectins in Host–Pathogen Interactions:
Structural, Functional and Evolutionary
Aspects

Gerardo R. Vasta

Abstract Galectins are a family of ß-galactoside-binding lectins characterized by
a unique sequence motif in the carbohydrate recognition domain, and evolutionary
and structural conservation from fungi to invertebrates and vertebrates, including
mammals. Their biological roles, initially understood as limited to recognition of
endogenous (“self”) carbohydrate ligands in embryogenesis and early development,
dramatically expanded in later years by the discovery of their roles in tissue repair,
cancer, adipogenesis, and regulation of immune homeostasis. In recent years, how-
ever, evidence has also accumulated to support the notion that galectins can bind
(“non-self”) glycans on the surface of potentially pathogenic microbes, and function
as recognition and effector factors in innate immunity. Thus, this evidence has estab-
lished a newparadigmbywhich galectins can function not only as pattern recognition
receptors but also as effector factors, by binding to the microbial surface and inhibit-
ing adhesion and/or entry into the host cell, directly killing the potential pathogen
by disrupting its surface structures, or by promoting phagocytosis, encapsulation,
autophagy, and pathogen clearance from circulation. Strikingly, some viruses, bacte-
ria, and protistan parasites take advantage of the aforementioned recognition roles of
the vector/host galectins, for successful attachment and invasion. These recent find-
ings suggest that galectin-mediated innate immune recognition and effector mecha-
nisms, which throughout evolution have remained effective for preventing or fighting
viral, bacterial, and parasitic infection, have been “subverted” by certain pathogens
by unique evolutionary adaptations of their surface glycome to gain host entry, and
the acquisition of effective mechanisms to evade the host’s immune responses.
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7.1 Introduction

Based on unique sequencemotifs in the carbohydrate recognition domain (CRD) and
their structural fold, lectins from protistans, fungi, invertebrates, and vertebrates have
been classified into families that include galectins (formerly S-type lectins), C-type,
F-type, X-type, R-type, P-type, and others (reviewed in Vasta and Ahmed 2008).
Rigorous structural and phylogenetic analyses of individual lectin families among
extant animal species have yielded critical information about their evolutionary his-
tory and biological role(s). For example, C- and F-type lectins and galectins are of
ubiquitous taxonomic distribution, and highly diversified from the functional stand-
point (Zelensky and Gready 2005; Vasta et al. 2012). However, while C- and F-type
lectins are structurally heterogeneous lectin families (Vasta et al. 2017), galectins
are generally considered as structurally and evolutionary conserved (Cooper 2002;
Cummings et al. 2017).

Galectins constitute a family of ß-galactoside-binding proteins characterized by
a canonical sequence motif in their CRDs, that are widely distributed in eukary-
otic taxa, including fungi, sponges, and both invertebrates and vertebrates (Cooper
2002). Most galectins are non-glycosylated soluble proteins, although exceptions
with transmembrane domains have been reported (Lipkowitz et al. 2004). Galectins
are synthesized in the cytosol, and can be translocated into the nucleus where they
can form part of the spliceosome (Cho and Cummings 1995a, b; Tsay et al. 1999)
(Fig. 7.1a). Moreover, although galectins lack a typical secretion signal peptide, they
can be secreted into the extracellular space by direct translocation across the plasma
membrane (Cleves et al. 1996).

Although galectins have been evolutionarily conserved from a structural stand-
point (Houzelstein et al. 2004), the galectin repertoire in any given mammalian
species is diversified, and constituted by multiple galectin types, subtypes, and
isoforms (Vasta and Ahmed 2008; Cooper 2002). The distinct domain organization
of mammalian galectins has led to their classification into three major types: “proto”,
“chimera”, and “tandem-repeat” (TR) (Hirabayashi and Kasai 1993) (Fig. 7.1b).
The peptide subunits of the proto-type galectins contain a single CRD and can
form non-covalently linked homodimers, with a dimerization equilibrium Kd of
7 μM (Cho and Cummings 1995a, b). The chimera galectins also house a single
CRD, but display an N-terminal domain rich in proline and glycine that enables the
formation of oligomers. Finally, TR galectins display two CRDs that are bridged by
a functional linker peptide that can range from 5 to over 50 amino acids in length.
Within each galectin type, up to 15 distinct galectin subtypes have been identified,
numbered following the order of their discovery. Among these, galectin-1, -2,
-5, -7, -10, -11, -13, -14, and -15 are proto-type, galectin-3 is a chimera-type,
and galectin-4, -6, -8, -9, and -12 are TR-type (Hirabayashi and Kasai 1993).
In invertebrate species, galectins may have unique structural features, including
multiple CRDs per polypeptide, such as the 4-CRD galectins described in clams,
oysters, and snails (Tasumi and Vasta 2007; Feng et al. 2013, 2015a, b; Kurz et al.
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Fig. 7.1 Expression, secretion, and functions of galectins, and galectin types. a Galectins are
synthesized in the cytosol, and can be translocated into the nucleus and interact with ribonucleo-
protein (RNP) particles. Galectins can be transported and secreted to the extracellular space, where
they interact with glycans in the extracellular matrix, bridge cell surface receptors, or recognize
microbial glycans (red box). b Galectins are classified into three main types: proto, chimera, and
tandem-repeat types. Proto-type galectins contain one carbohydrate-recognition domain (CRD) per
subunit and are usually homodimers of non-covalently linked subunits (galectin-1, -2, -5, -7, -10,
-11, -13, -14, and -15). In contrast, chimera-type galectins are monomeric with a carboxy-terminal
CRD, joined to an amino-terminal peptide that contains a collagen-like sequence rich in proline
and glycine, and can oligomerize as trimers (galectin3). In the tandem-repeat galectins, two CRDs
are covalently joined by a linker peptide (galectin-4, -6, -8, -9, and -12)

2013; Vasta et al. 2015), or the shrimp galectin MjGal that resembles a chimera-type
galectin, although the CRD is located at the N-terminal end (Shi et al. 2014).

In addition to the threemajor galectin types, other galectin-related proteins that do
not follow the canonical structure of the typical familymembers have been described.
Among these, two notable exceptions have been reported to display transmembrane
domains (Lipkowitz et al. 2004; Gorski et al. 2002). In addition, soluble galectin-
like proteins, such as the eye lens galectin-related inter-fiber protein (GRIFIN), the
galectin-related protein (GRP) (previously HSPC159; hematopoietic stem cell pre-
cursor), and theCharcot-Leyden crystals (galectin-10), have been identified, and their
structural and functional aspects are characterized to various levels of detail (Su et al.
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2018; Zhou et al. 2008; Ogden et al. 1998). Mammalian GRIFIN lacks carbohydrate-
binding activity (Ogden et al. 1998), but the fish (Ahmed andVasta 2008) and chicken
(García Caballero et al. 2016) equivalents actively recognize ß-galactosides. Other
unusual galectins are the sheep protein ovgal11 (galectin-11; Preston et al. 2015),
and the proto-type galectin-13 (“pregnancy protein 13”) which in solution forms a
dimer stabilized by a disulfide bridge between Cys136 and Cys138 (Than et al. 1999,
2004).

7.2 The Galectin CRD: Structure
and Carbohydrate-Binding Properties

The structure of galectin-1 (Gal1) in complex with N-acetyl-lactosamine (LacNAc)
enabled the identification of the specific amino acid residues of the CRD that interact
directly or indirectly, through water molecules and hydroxyl groups on the disac-
charide, as well as the nature of the interactions (hydrogen bonds, electrostatic, and
van der Waals) (Liao et al. 1994). The 135 amino acids-long polypeptide subunit of
Gal1 folds into a β-sandwich that comprises two anti-parallel β-sheets of five and
six strands each (S1–S6 and F1–F5). In the Gal1 dimer, the subunits are related by a
two-fold rotational axis perpendicular to the plane of the β-sheets. The single carbo-
hydrate recognition cleft is formed by three continuous concave strands (S4–S6) in
which H44, B46, R48, H52, B61, W68, E71, and R73 establish direct interactions with
LacNAc, and determine the carbohydrate specificity of galectin-1 (Liao et al. 1994).
The non-reducing terminal galactose ring is maintained in place by a hydropho-
bic interaction with W68, while additional water-mediated interactions between H52,
D54, and R73 and the nitrogen of the N-acetyl group determine the higher affinity for
LacNAc over lactose. The dissociation constants of bovine Gal1 for lactose, Lac-
NAc, and thiodigalactoside (TDG) measured by microcalorimetry are in the range
of 10−5 M, with two binding sites per Gal1 dimer (Schwarz et al. 1998). The crys-
tal structures of additional galectin types (human galectin-2, -3, and -7) in complex
with mono- or disaccharides, or biantennary oligosaccharides were later resolved
(Seetharaman et al. 1998; Caldararu et al. 2019; Si et al. 2016; Ramaswamy et al.
2015). More recently, the structures of the individual N- and C-terminal CRDs of
TR galectins, such as galectins-4, -8, and -9, were resolved by either crystallization
or NMR spectroscopy (reviewed in Di Lella et al. 2011).

In addition to the primary binding cleft in the galectin CRD described above,
additional carbohydrate-binding areas (extended binding site) can enhance affinity
for larger or more complex glycans. In the galectin-3 (Gal3) CRD, for example,
the carbohydrate-binding site is shaped as a cleft open at both ends, exposing the
GlcNAc of the LacNAc to the solvent (Seetharaman et al. 1998). This extended
binding site in Gal3 results in increased affinity for polylactosamines andABH blood
group oligosaccharides [Fucα1, 2; GalNAcα1,3(Fucα1,2); and Galα1,3(Fucα1,2)]
(Seetharaman et al. 1998). For TR galectins, the two CRDs are structurally similar
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but show either different affinities for the same ligand such as galectin-4 (Gal4), or
different fold and specificities altogether, such as galectin-8 (Krejcirikova et al. 2011;
Ideo et al. 2003, 2011). For galectins from invertebrates, such as the Caenorhabditis
elegans 16-kDa galectin and the oyster (Crassostrea virginica) galectins CvGal1 and
CvGal2, their binding specificity for blood group oligosaccharides is determined by
a shorter loop 4 in the primary binding cleft in the galectin CRD (Ahmed et al. 2002;
Feng et al. 2013; Vasta et al. 2015).

The dimerization of proto-type galectins such as Gal1 is critical for their function
in mediating interactions between cells, or cells and glycans in the extracellular
matrix (ECM) (Gabius 1997). The binding of galectins to multivalent glycans on the
cell surface may promote lattice formation, as supported by the structure of Gal1
complexed with a biantennary glycan, in which the ligand is cross-linked between
twoGal1 dimers (Bourne et al. 1994). Similar interactions via the N terminus domain
leading to the formation of oligomers (trimers and pentamers) have been proposed for
Gal3 (Morris et al. 2004; Fortuna-Costa et al. 2014). For the vertebrate TR galectins
and the multi-CRD galectins from invertebrates, the carbohydrate specificity of the
CRDs present in the polypeptide is similar but not identical (Carlsson et al. 2007;
Nagae et al. 2009; Vasta et al. 2015; Houzelstein et al. 2004; Krejcirikova et al. 2011).
This is supported by the capacity of TR galectins to cross-link cells with different
synthetic glycoconjugates (Tomizawa et al. 2005; Ideo et al. 2011). Themultivalency
of galectins attained by the presence of multiple distinct CRDs in a single subunit
polypeptide as described above for the TR galectins, or by oligomerization of the
galectin subunits, such as in the proto or chimera types, enables cross-linking of two
or more cells, and adhesion of cells to glycosylated surfaces, as well as the formation
of lattices at the cell surface that are critical for signaling or receptor endocytosis
(Nabi et al. 2015; Kutzner et al. 2019; Garner and Baum 2008; Rabinovich et al.
2007a, b) (Fig. 7.2a).

The compact β-sandwich structure of the galectin CRD in the presence of bound
ligand determines the resistance of Gal1 to protease activity (Liao et al. 1994), while
the resistance to oxidative inactivation in the extracellular environment can be ratio-
nalized by changes in the dimerization equilibrium which are determined by the
oxidation state of cysteine sulfhydryl groups (Stowell et al. 2009). Six key cysteine
residues, some of which are located on the surface of the molecule on the face oppo-
site to the CRD, are potentially susceptible to oxidation (DiLella et al. 2010; Liao
et al. 1994; Lobsanov et al. 1993). Upon secretion to the oxidative extracellular
environment, some of these cysteines establish intramolecular disulfide bonds, caus-
ing conformational changes that hinder dimerization (Lopez-Lucendo et al. 2004).
Therefore, the oxidation state of cysteine sulfhydryl groups, the presence of car-
bohydrate ligand, and the dimerization equilibrium play critical roles in a dynamic
interplay in which specific binding to glycan ligands enhances dimerization of Gal1,
and reduces its sensitivity to oxidative inactivation (Stowell et al. 2009).
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Fig. 7.2 Recognition of
“self” and “non-self” glycans
by galectins. a In the
extracellular space, galectins
form multivalent oligomers
that cross-link cell surface
glycoproteins and
glycolipids, form
microdomains and lattices,
and activate signaling
pathways. b Proto, chimera,
and tandem-repeat galectins
can function as pattern
recognition receptors (PRRs)
and establish
trans-interactions with the
host cell surface and
microbial glycans

7.3 Functional Aspects: Recognition of Endogenous
(“Self”) Glycans

While proto and chimera type galectin subunits possess a single CRD, they can form
oligomeric structures that can interact with and cross-link multivalent ligands, either
soluble glycoproteins or glycolipids, and complex glycans on the cell surface or
ECM with increased avidity (Dam and Brewer 2008; Cho and Cummings 1995a,
b). TR galectins possess two CRDs in a single polypeptide, and can function simi-
larly. The density and presentation of the cell surface glycansmodulates affinity of the
CRD–ligand interaction via negative cooperativity and thus,multivalent galectins can
cross-link them into lattices that induce their clustering into lipid raft microdomains
(Dam andBrewer 2008; Cho andCummings 1995a, b; Nabi et al. 2015; Kutzner et al.
2019). Therefore, galectin–ligand interactions can modulate cell function by induc-
ing reorganization or association of cell surface components, regulating turnover
of endocytic receptors, and activating or attenuating signaling pathways (Dam and
Brewer 2008;Garner andBaum2008;Rabinovich et al. 2007a, b).Moreover, because
the various galectin types and subtypes exhibit differences in carbohydrate specificity
and affinity, and bind a broad range of glycans that display the requisite topologies, the
galectin repertoire is endowed of substantial diversity in recognition properties. This,
together with the galectins’ unique tissue-specific expression, distribution, and local
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concentrations, supports extensive functional diversification (Cooper 2002; Vasta
and Ahmed 2008; Vasta 2009). Accordingly, the biological function of a particular
galectin may vary among cells, tissues, and fluids depending on their concentration,
the redox properties of the intra- or extracellular environments, and the availabil-
ity and multivalent presentation of carbohydrate ligands at the cell surface or ECM
(Vasta and Ahmed 2008; Vasta 2009).

The observation that galectins in chicken muscle were developmentally regulated
suggested that their biological roles were related to embryogenesis and early devel-
opment. The finding that these galectins preferentially recognized polylactosamines
present on the myoblast surface and the ECM led to hypothesize that galectins pro-
mote myoblast fusion (reviewed in Cummings et al. 2017). Subsequent studies on
murine Gal1 and Gal3 revealed key roles in the development of notochord, skeletal
muscle, and central nervous system (Colnot et al. 1997, 2001; Georgiadis et al. 2007).
More recently, the increasing availability of null mice for selected galectins enabled
analyses of developmental phenotypes, and the elucidation of the unique functions
of the multiple galectin types and subtypes in the complex mammalian galectin
repertoires. In the past few years, genetically tractable models such as Drosophila,
C. elegans, and zebrafish (Danio rerio) have become useful systems for address-
ing the biological roles of galectins (Pace et al. 2002; Ahmed et al. 2002; Vasta
et al. 2004; Nemoto-Sasaki et al. 2008; Feng et al. 2015a, b; Nita-Lazar et al. 2016).
For example, anti-sense knockdown approaches in zebrafish revealed key roles of
galectins in early differentiation and development of the myotome (Ahmed et al.
2009a, b), and retinal repair and regeneration (Craig et al. 2010; Eastlake et al.
2017).

Themultiple roles of galectins in cancer have been addressedwith increasing inter-
est over the past two decades (Reviewed in Méndez-Huergo et al. 2017). Melanoma,
prostate, and ovarian cancermay overexpress galectin-1, -3, -7, -8 and -9, and in some
cases their expression profiles can be associated with malignancy stage or metastatic
potential (Blidner et al. 2015; Hill et al. 2010). Expression of Gal1 in the vascular
endothelium promotes tumor angiogenesis, by a mechanism that involves binding of
Gal1 to complexN-glycans onVEGF receptor 2 (VEGFR2) and activation of VEGF-
like signaling (Croci et al. 2014). In the early stages of prostate adenocarcinoma,Gal3
expression can be silenced by promoter methylation (Ahmed et al. 2009a, b; Ahmed
and Al Sadek 2015), but in later stages, together with its preferred ligand on the cell
surface—the Thomsen-Friedenreich disaccharide (Galβ1,3GalNAc)—Gal3 has key
roles in tumor angiogenesis, tumor-endothelial cell adhesion, metastasis, and eva-
sion of immune surveillance by killing of activated T cells (Guha et al. 2013). Since
the 1990s, the roles of galectins as regulators of both innate and adaptive immune
homeostasis have firmly established and characterized in detail (Di Lella et al. 2011).
Galectins are ubiquitously expressed and distributed in mammalian tissues, includ-
ing most cells of the innate (dendritic cells, macrophages, mast cells, natural killer
cells, gamma/delta T cells, and B-1 cells) and adaptive (activated B and T cells)
immune system, and as in other cell types (Stowell et al. 2008; Rabinovich et al.
2007a, b). Immune challenge by viruses, bacteria, and eukaryotic parasites, how-
ever, can significantly alter their expression and secretion (Rabinovich et al. 2012;
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Stowell et al. 2008). Endogenous glycans recognized by galectins on the surface of
immune cells and other cell types include β-integrins, CD45, GM1, CD44, Tim3,
MUC1, podoplanin, CD166, ABH-type oligosaccharides CD43, CD45, CD7, CD71,
CD44, TIM3, CTLA4,MUC1,MUC16, andMerTK (Rabinovich and Toscano 2009;
Guzman-Aranguez et al. 2009; Hirabayashi et al. 2002; Wu et al. 2002; Krzeminski
et al. 2011; Zhu et al. 2005). Galectins can function as pro- or anti-inflammatory fac-
tors in innate immune responses. For example, Gal1 can block or attenuate signaling
that promote leukocyte infiltration, migration, and recruitment (Stowell et al. 2008).
Gal3 expression in epithelia, macrophages, and dendritic cells is upregulated during
inflammation, and can promote macrophage recruitment and anti-microbial activity
(Liu et al. 2012; Toledo et al. 2014). Galectin-9 (Gal9) functions as a chemoat-
tractant for eosinophils and further promotes their activation, oxidative activity, and
degranulation (Hirashima et al. 2002).

The functions of galectins as modulators of lymphocyte development and adap-
tive immune responses have been the focus of intense research in the past few years
(Rabinovich et al. 2012; Liu et al. 2012). In the bone marrow and thymic compart-
ments lymphocyte precursors interact with stromal cells via Gal1, which is critical
to their development, selection, and migration to the periphery (Rossi et al. 2006).
Additionally, Gal1 can either drive apoptosis or enhance proliferation of T-cells,
depending on the microenvironment in which the exposure takes place, as well as
the T cell developmental stage and activation status. For Gal3, however, pro- or
anti-apoptotic effects on T-cells are determined by whether the exposure is extracel-
lular or intracellular, respectively (Hsu and Liu 2008). Galectins can also modulate
cytokine synthesis and secretion by T cells, and determine the Th1/Th2 balance of
the immune (Rabinovich et al. 2012; Liu et al. 2012; Hsu and Liu 2008). More
recently, it was shown that Gal1 can induce tolerogenic phenotypes in dendritic cells
leading to expansion of regulatory T cells that can promote feto-maternal tolerance
and suppress autoimmune neuroinflammation (Blois et al. 2007, 2019). Thus, it has
become firmly established that galectins can modulate immune homeostasis with
either beneficial or detrimental effects on pathological conditions that result from
depressed or exacerbated immune function, such as cancer, inflammation, allergy,
and autoimmune disorders (Rabinovich et al. 2012; Liu et al. 2012; Hsu and Liu
2008).

In recent years, associations of type 2 diabetes, obesity, and inflammation with
adipogenic roles of galectin-12 (Gal12) and Gal3 have been identified and char-
acterized in detail (Yang et al. 2011a, b, c; Hsu et al. 2018; Pejnovic et al. 2013;
Pang et al. 2013). Gal12 was shown to function as a negative regulator of lipolysis
and insulin sensitivity (Yang et al. 2011a, b, c; Hsu et al. 2018). In contrast, Gal3
null mice exhibit increased adiposity, systemic inflammation, dysregulated glucose
metabolism, diabetes-associated kidney damage, and diet-induced atherogenesis
(Pejnovic et al. 2013; Pang et al. 2013).
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7.4 Role(s) of Galectins in Infection: Recognition
of Exogenous (“Non-self”) Glycans and Effector
Functions

The recent finding that galectins can bind exogenous (“non-self”) glycans on the
surface of viruses, bacteria, protistan parasites, and fungi has led to a new paradigm
about their potential roles in innate immunity as pattern recognition receptors (PRRs)
(reviewed in Vasta 2009) (Fig. 7.2b). For example, Gal1 can bind to complex-
type N-linked oligosaccharide on the HIV-1 gp120 envelope glycoprotein and to
Trichomonas vaginalis lipophosphoglycan, whereas Gal3 recognizes both terminal
and internal N-acetyllactosamine units in lipopolysaccharides from meningococcus
(Neisseria meningitidis), gonococcus (N. gonorrhoeae), Haemophilus influenzae,
andHelicobacter pylori, polysaccharide type XIV from pneumococcus (Streptococ-
cus pneumoniae), LacdiNAc from Schistosoma mansoni, and oligomannans from
Candida albicans. The lipophosphoglycan from Leishmania major is recognized
by both Gal3 and Gal9, while Gal4 recognizes Escherichia coli strains that dis-
play blood group B oligosaccharides. The substantial diversity of the galectin reper-
toire(s), including the presence of isoforms, and unique specificity of each galectin
subtype toward glycan ligands, suggests a broad recognition capacity for non-self
carbohydratemoieties. In addition to the TR galectins that have at least twoCRDs (up
to four CRDs in invertebrate galectins; Vasta et al. 2015), the proto- and chimera-type
galectins can form oligomers with two or more CRDs per molecule. Thus, all three
galectin types are endowed with multivalent binding properties that enable not only
the formation of lattices at the cell surface but also the capacity to cross-link cells.
These properties enable galectins to participate in direct recognition of pathogens
and parasites, as well as effector factors in downstream processes that lead to modu-
lation of innate and adaptive immune responses. As will be discussed below, binding
of host galectins to surface glycans either on the surface of pathogens and parasites
or to their receptors on the host cell surface can lead to various outcomes benefi-
cial to the host, including hindering or blocking their attachment to or entry into
the host cells, direct killing of the pathogen, opsonization followed by phagocytosis
and intracellular killing, encapsulation, or granuloma formation. In most cases, these
galectin-mediated innate immune defense mechanisms take place simultaneously or
subsequently upon challenge of any given pathogen. Furthermore, as multiple lectin
families and other innate immune receptors such as TLRs are present in any sin-
gle species, cooperative/synergic defense functions of galectins with other receptors
have been described (Esteban et al. 2011; Jouault et al. 2006).

It should be noted that as invertebrates lack the adaptive immune response typical
of vertebrates characterized by immunoglobulins and B and T cells, their galectins
function as recognition and effector molecules as part of innate immune responses,
exerting defense roles through the various mechanisms described below. In verte-
brates, however, in addition to innate immune responses similar to those operative in
invertebrates, several galectin-mediated key immunoregulatory functions (discussed
in Sect. 7.3) triggered by the infectious challenge further contribute to maintain
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immune homeostasis and to potentially develop an efficient and long-lasting adaptive
immunity against the potential pathogen. The recognition of pathogens and parasites
by galectins from both invertebrate and vertebrate hosts, however, can also lead to
contrasting outcomes, either by promoting effective host defense mechanisms as dis-
cussed above, or by facilitating pathogen attachment, entry and infection of the host.
In this regard, whether the recognition of pathogens and parasites by host galectins
is beneficial to the host, or constitutes a pathogen’s host attachment and entry strate-
gies, can be interpreted as the outcome of the host–pathogen co-evolutionary process
(Vasta 2009).

1. Blocking of pathogen attachment to the host cell surface: Gal1 can bind to
the envelope glycoprotein of influenza A virus (IAV) and reduce infection severity,
possibly by hindering viral attachment to the cell surface sialylated glycan receptors
(Yang et al. 2011a, b, c) (Fig. 7.3a). However, the detailed mechanisms involved have
not been fully elucidated yet (reviewed in Machala et al. 2019). Similarly, Hattori
et al. reported that Gal9 bound to the influenza A virus (PR8/H1N1 strain) and
blocked virus attachment to the host cells in a lactose-specific manner (Hattori et al.
2013). Furthermore, in the experimentally IAV-infected mice, Gal9 expression was
upregulated (Hattori et al. 2013), an observation consistent with the elevated levels
of Gal9 observed in patients with IAV infection (Katoh et al. 2014). In contrast,
Gal3 can function as an anti-viral galectin not by direct interactions as reported by

Attachment and infectionInhibition of attachment

Enveloped virus

Virus receptor

Galectin 1

(a) (b)

Fig. 7.3 Galectins can inhibit or facilitate attachment of enveloped viruses to the host cell surface.
aGal1 can block the attachment of viruses such as dengue by binding to and “coating” the envelope
oligosaccharides (influenza A and IHNV), or by hindering access to the viral receptors (IHNV and
dengue) on the host cell surface. bGal1 can also cross-link the viral envelope to the host cell surface
receptors facilitating attachment (Nipah and HIV)
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Gal1 and Gal9, but by activating signaling via the JAK-STAT pathway, leading to
an enhanced innate immune response (Jeon et al. 2010). A recent study reported
that Gal1 can directly interact with dengue virus (DENV), a mosquito-transmitted
enveloped RNAvirus that can cause hemorrhagic fever. Gal1 directly binds toDENV
and inhibits in vitro viral adhesion and internalization into host cells (Toledo et al.
2014). Prior exposure of the cells to dimeric Gal1, however, resulted in inhibition of
viral attachment and infection that was greater than exposure of the virus alone. The
role of Gal1 was also examined in vivo using Gal1 knockout mice, and demonstrated
that the expression of endogenous Gal1 contributes to resistance against DENV
infection (Toledo et al. 2014). During infection by Nipah virus (NiV) Gal1 can
cross-link the N glycans displayed in the NiV envelope glycoproteins and reduce
cell–cell fusion, thereby attenuating the pathophysiologic effects of NiV infection
(Levroney et al. 2005). However, the beneficial effects of Gal1 in NiV infection are
conditioned by the timing of the virus–galectin interaction, as during early stages of
the viral exposure, Gal1 can enhance viral attachment and entry (Garner et al. 2015).

During the past few years we have used the zebrafish model to examine the roles
of galectins in viral adhesion and entry by the infectious hematopoietic necrosis virus
(IHNV), which is responsible for significant losses in both farmed and wild salmon
and trout populations (Nita-Lazar et al. 2016). IHNV enters the host through the
epithelial cells of the skin, the gills, and the gut, but the viral adhesion and entrymech-
anisms are not fully understood (Harmache et al. 2006). These epithelial cells express
all three galectin types. They are secreted to the extracellular space, and are abundant
in the mucus that coats the fish external surfaces. Results of the study showed that the
zebrafish galectins Drgal1-L2 and Drgal3-L1 interact directly with the glycosylated
envelope of IHNV significantly reducing viral attachment (Nita-Lazar et al. 2016).
The structure of the complex of Drgal1-L2 with N-acetyl-d-lactosamine at 2.0 Å
resolution together with models of Drgal3-L1 and the ectodomain of the IHNV
glycoprotein provided insight into the mechanisms by which the binding of these
galectins to the IHNV glycoprotein hinders the viral attachment (Ghosh et al. 2019).
The IHNV envelope in glycoprotein is arranged in a honeycomb-like (hexagonal)
arrangement of spikes, decorated by N-linked biantennary oligosaccharides that are
also displayed by the host epithelial cells. Drgal1-L2 dimers can cross-link bianten-
nary oligosaccharides from two spikes, thereby occluding two of the six co-receptor
attachment sites on the surface of the virus, while the single C-terminal CRD of
Drgal3-L1 oligomers can block three sites (Ghosh et al. 2019). Thus, the viral sur-
face coverage by Drgal3-L1 is greater than that for Drgal1-L2 by a factor of 3/2
(Ghosh et al. 2019), which is consistent with the ratio of their inhibitory efficiency
of 65%/40% determined in viral attachment experiments (Nita-Lazar et al. 2016).
However, because the Drgal1-L2 and Drgal3-L1 secreted to the extracellular space
also bind strongly to the fish epithelial cell surface, they can block IHNV cell sur-
face receptors and hinder viral attachment via an alternative mechanism (Nita-Lazar
et al. 2016). Furthermore, as the secreted galectins also bind strongly to the skin
mucus glycans, a third defense mechanism mediated by these galectins would con-
sist in cross-linking and immobilization of the virus in the mucus matrix, which is
sloughed off periodically from the fish skin (Abernathy and Vasta, unpublished). A
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similar mechanism has been proposed for galectin-4 (Gal4), which is expressed and
secreted by gut epithelial cells. Once in the extracellular space, Gal4 would hinder
attachment of Bordetella pertussis and Helicobacter pylori by binding to their gut
epithelial cell surface receptors (Danielsen and Hansen 2006; Ideo et al. 2005).

In addition to blocking pathogen attachment to the host cell surface described
above, galectins can inhibit interaction of the pathogen’s virulence factors with host
receptors. For example, the glycolipid-binding galectin Lec-8, which is strongly
expressed in sections of the digestive tract of the nematode Caenorhabditis elegans,
contributes to host defense against bacterial virulence by competitive binding to gly-
colipid receptors for the pore-forming toxin Cry5B from Bacillus thuringiensis, a
nematocidal pathogen (Ideo et al. 2009). Interestingly, nematodes can also be suscep-
tible to galectins from their fungal prey. For example, when the nematotoxic galectin
CGL2 from the fungusCoprinopsis cinerea is ingestedbyC. elegans, it inhibits devel-
opment and reproduction, and kills the nematode by specifically binding to a trisac-
charide (Galβ1,4Fucα1,6GlcNAc) displayed on the nematode intestine, suggesting
that fungal galectins constitute a defense mechanism against predator nematodes
(Butschi et al. 2010). Similarly, the mammalian Gal2 can also suppress C. elegans
development by binding to the Galβ1,4Fuc glycotope, a moiety that is also recog-
nized on the parasitic nematodes of humans, such as Ascaris, Nippostrongylus, and
Brugia spp., suggesting that it may contribute to anti-parasitic responses (Takeuchi
et al. 2019). Gal11 may also contribute to host defense in ruminants against the
gastrointestinal nematode parasite, Haemonchus contortus (Preston et al. 2015).

2. Direct killing of the pathogen: Some galectins have been reported to not only
bind to, but also directly kill the pathogens, possibly by disrupting their cell sur-
face integrity and their normal physiology. For example, the tandem repeat Gal4 and
galectin-8 (Gal8), which are expressed in the human intestinal tract, can specifically
recognize and kill Escherichia coli strains that display B-blood group oligosaccha-
rides (BGB+ E. coli), while other E. coli strains or bacterial species are not affected
(Stowell et al. 2010). The killing activity of both galectins is mediated by their C-
terminal domains, and appears to be caused by compromising the integrity of the
bacterial cell surface. Mutation of key residues in CRD revealed that the C-CRD
mediates recognition of the BGB+ E. coli but does not affect its viability, while the
N-CRD might be endowed with killing activity (Stowell et al. 2010).

More recently, Park et al. (2016) reported that recombinant Gal3 agglutinated
Helicobacter pylori and displayed a potent bactericidal effect, as revealed by pro-
pidium iodide uptake and drastic morphological changes. The significance of this
observation was buttressed by the higher bacterial loads in Gal3-deficient mice than
inWTmice that had been experimentally infectedwithH. pylori via gastric tube, sup-
porting the notion that Gal3 plays an important role in innate immunity to infection
and gastric colonization by H. pylori (Park et al. 2016).

Although galectins can modulate phagocytosis and cytokine responses (IL-17,
IL-23, TNFα, and others) to several fungal pathogens, including Candida albicans
(Linden et al. 2013a, b), Cryptococcus neoformans (Almeida et al. 2017), Histo-
plasma capsulatum (Wu et al. 2013), and Paracoccidioides brasiliensis (Ruas et al.
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2009), the galectin-mediated anti-fungal defensemechanismsmay also include bind-
ing to and direct killing of the pathogen. The first two,C. albicans andC. neoformans,
are particularly susceptible to direct recognition and fungicidal activity by galectins,
although the mechanisms involved appear to be different. Gal3 recognizes and kills
Candida species that display β1,2-linked oligomannans on the cell surface, but does
not bind toCandida species or strains, or other fungal species such as Saccharomyces
cerevisiae that lack these glycans. The binding of Gal3 to C. albicans oligomannans
is intriguing, as it is well established that like other members of the galectin fam-
ily, β-galactosyl moieties, particularly LacNAc, are the preferred ligands. Like for
the bacteriocidal activity of Gal4 for E. coli described above (Stowell et al. 2010),
changes in theC. albicans cell morphology upon exposure toGal3 suggested damage
to the cell membrane as the basis for the fungicidal activity, although the detailed
mechanism has not been elucidated (Kohatsu et al. 2006). In contrast, exposure of C.
neoformans to Gal3 causes lysis of the fungal extracellular vesicles which contain
virulence factors and inhibits fungal growth (Almeida et al. 2017). The disruption of
the extracellular vesicles by Gal3 prevents the efficient delivery of their contents to
macrophages, and together with its fungistatic activity favors the host’s anti-fungal
immune response. The cell surface of C. neoformans appears to lack β-galactosides,
or the β-oligomannosides recognized by Gal3 on C. albicans, and the ligand(s) rec-
ognized on the C. neoformans capsule or vesicles have not been identified so far
(Almeida et al. 2017).

3. Opsonization, phagocytosis, encapsulation, and clearance of the pathogen:
As mentioned above, galectins can bind to and promote phagocytosis of pathogens,
which are killed by intracellular oxidative burst, and cleared from the internal milieu.
An example that illustrates the opsonic role of galectins in host defense is the galectin
MjGal from the kuruma shrimp, Marsupenaeus japonicus (Shi et al. 2014). This
galectin is upregulated in circulating phagocytic cells (hemocytes) and hepatopan-
creas upon bacterial infection, and can bind to both gram-positive and gram-negative
bacteria through the recognition of lipoteichoic acid or lipopolysaccharide, respec-
tively. By also binding to the shrimp hemocyte surface, MjGal functions as an
opsonin, cross-linking the potentially pathogenic bacteria to the hemocyte surface
and promoting their phagocytosis and facilitating their clearance from circulation,
as shown in vivo by RNA interference (Shi et al. 2014). There are several reports
of galectins from both invertebrates and vertebrates which have been reported as
opsonic, or at least promoting phagocytosis by more complex mechanisms that
may involve additional receptors on the phagocytic cell surface. Gal3 can recog-
nize surface glycans on the opportunistic fungal pathogens Candida spp. and not
only exert direct fungicidal activity, as described above, but also promote phagocy-
tosis by neutrophils (Linden et al. 2013a, b). In contrast, phagocytosis of Candida
spp. by macrophages appears to require TLR2 (Jouault et al. 2006).

In addition to phagocytosis, a defense response to infectious challenge that is
typical of invertebrates consists of encapsulation of potential pathogenswithmultiple
layers of cells, particularlywhen the infectious particle is too large to be phagocytosed
by a single cell. The encapsulated, immobilized pathogen can thenbe killed bydiverse
mechanisms, such as oxidative stress or melanization (Xia et al. 2018; Vazquez et al.



182 G. R. Vasta

2009), which have been conserved in vertebrates from fish to mammals. Parasitic
nematodes (Cucullanus spp.) in the abdominal cavity of the conger eel (Conger
myriaster) are immobilized and encapsulated by layers of cells with the participation
of congerins I and II,which are galectins that canbind to glycans onboth the nematode
surface as well as the encapsulating cells (Nakamura et al. 2012). In mammals,
the formation of granulomas appears as an analogous defense mechanism in which
galectins may play a key role for the immobilization of pathogen or parasites. Such is
the case of recognition of LacdiNAc (GalNAcβ1,4-GlcNAc) of the eggs and parasite
surface of the helminth Schistosoma mansoni by the host Gal3, and its potential role
on the formation of liver granulomas (van den Berg et al. 2004). Gal3-null mice
experimentally infected with S. mansoni showed reduced liver granulomas in both
the acute and chronic phases, as compared with wild-type mice (Breuilh et al. 2007).

The recognition and clearance of both intra- and extracellular pathogens and
parasites, however, can be accomplished by alternative mechanisms that lead to
autophagy, and Gal8 has been shown to function as a key participant in this process.
Epithelial cells infected with Salmonella typhi, Listeria monocytogenes, or Shigella
flexneri exhibit damage to cytoplasmic endosomes and lysosomes (Thurston et al.
2012). It has been proposed that the damaged vacuolar membranes signal to recruit
Gal8, which by binding to the exposed glycans activates autophagy (Thurston et al.
2012). A recent report describes a related anti-microbial mechanism by which Heli-
cobacter pylori infection causes lysosomal damage in epithelial cells of the gastric
epithelium (Li et al. 2019). Lysosome damage exposes membrane luminalO-glycans
that are recognized by and induce the aggregation of cytoplasmic Gal8, which in turn
increases autophagy activity in the H. pylori-infected cells (Li et al. 2019).

7.5 “Subversion” of the Galectins’ Defense Functions
by Pathogens and Parasites

In recent years, mounting experimental evidence has shown that some pathogens and
parasites can “subvert” the defense roles of galectins from the host or invertebrate
vector, and use galectin-mediated recognition to attach to, or to gain entry to their
cells (Vasta 2009). These galectin-mediated interactions are clearly beneficial for the
pathogen or parasite and can take place by various mechanisms. One fairly preva-
lent mechanism consists of the direct cross-linking of the pathogen to the host or
vector cells by recognition of similar or different glycans on the cell surfaces, either
by multivalent TR galectin or oligomeric proto- or chimera-type galectins. Another
mechanism that can result as a downstream from the first consists of the downregu-
lation of the host innate and adaptive immune response by galectin overexpression,
secretion, or binding to host cell surfaces upon infectious challenge.

The participation of galectin interactions in the infection mechanisms of HIV
(human immunodeficiency virus) has been widely reported (Ouellet et al. 2005;
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Mercier et al. 2008). Gal1, which is abundant in organs that represent major reser-
voirs for HIV-1, such as the thymus and lymph nodes, promotes infection by HIV-1
by cross-linking the LacNAc moieties on the viral glycoprotein gp120 to its cel-
lular glycoprotein receptor CD4 on T cells facilitating viral attachment, increasing
viral residence time on the cell surface, and infection efficiency (Sato et al. 2012)
(Fig. 7.3b).Additionally,Gal1would enhance the uptake of the virus bymacrophages
acting as a soluble scavenger receptor (Sato et al. 2012). In contrast, Gal3, which
is upregulated by the HIV Tat protein in several human cell lines, has no effect on
HIV-1 attachment or entry (Fogel et al. 1999), but may exert anti-viral activity by
inducing apoptosis of HIV-infected cells (Xue et al. 2017). Gal9 can also enhance
HIV entry into T cells but via an indirect mechanism based on changes in the redox
status of the cell surface (Bi et al. 2011). It is noteworthy that DC-SIGN, a C-type
lectin, also facilitates HIV entry into dendritic cells (Sato et al. 2012), illustrating the
diversity of protein–carbohydrate interactions that may participate in HIV infection
(Ouellet et al. 2005; Mercier et al. 2008). By a mechanism similar to HIV, Gal1 can
enhance and stabilize attachment of human T-cell lymphotropic virus (HTLV) to
human T cells (Gauthier et al. 2008). Gal1 can also interact with capsid proteins of
enteroviruses and promote infection of epithelial cells, although the mechanism(s)
involved are not clear (Lee et al. 2015). In contrast, Gal3 would increase cell sur-
vival and inhibit apoptosis of the enterovirus-infected cells, facilitating release of the
mature viral progeny (Huang et al. 2016). As indicated above for the Nipah virus,
if Gal1 is present during the initial phase of virus exposure, it can enhance NiV
attachment to the endothelial cell surface by bridging glycans on the viral envelope
to host cell glycoproteins (Garner et al. 2015). A similar mechanism has been pro-
posed for the interaction of Gal3 with the herpes simplex virus type 1 (HSV-1). Gal3
enhances HSV-1 attachment to and infection of human corneal keratinocytes, which
can be ameliorated by the presence of MUC16, a soluble mucin that is secreted
by the corneal cells and is strongly bound by Gal3 (Woodward et al. 2013). In the
zebrafish-IHNV infection model described above, different members of the galectin
repertoire can display opposite functions: while the proto-type galectin Drgal1-L2
and the chimera-type galectin DrGal3-L1 can inhibit viral adhesion to epithelial cells
(Nita-Lazar et al. 2016), the TR galectin DrGal9-L1 can significantly promote viral
adhesion and infection (Mancini and Vasta, unpublished).

Galectins can also promote the attachment of bacterial pathogens and facilitate
infection, as shown in a murine model for influenza A infection and pneumococ-
cal pneumonia revealed. Neuraminidases from both influenza A virus (IAV) and
Streptococcus pneumoniae significantly desialylate the airway epithelial surface and
modulate expression and release of Gal1 and Gal3 to the bronchoalveolar space
(Nita-Lazar et al. 2015a). Studies on the human airway epithelial cell line A549 sup-
ported the observations made in the mouse model, and revealed that both Gal1 and
Gal3 bind strongly to IAV and to S. pneumoniae. Furthermore, exposure of A549
cells to viral neuraminidase or influenza infection significantly increased galectin-
mediated S. pneumoniae adhesion to the cell surface (Nita-Lazar et al. 2015a). Thus,
these observations suggest that upon influenza infection, pneumococcal attachment
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to the airway epithelial surface is enhanced by the activity of both viral and pneumo-
coccal neuraminidases and the secreted host galectins, and possibly contributes to
the greater susceptibility of influenza patients to secondary pneumonia (Nita-Lazar
et al. 2015a). In addition, the study revealed that the binding of Gal1 and Gal3 to the
epithelial cell surface downregulates the expression of SOCS1 and RIG1, and acti-
vation of ERK, AKT, or JAK/STAT1 signaling pathways, leading to overexpression
and release of pro-inflammatory cytokines (Nita-Lazar et al. 2015b). These results
suggest that upon influenza infection, the binding of secreted Gal3 to the desialy-
lated airway epithelia can severely dysregulate the immune response, leading to the
frequently observed “cytokine storm” (Nita-Lazar et al. 2015b).

More recently, the role of Gal1 in infections by Chlamydia trachomatis, a highly
prevalent sexually transmitted bacterium worldwide, was investigated in detail,
revealing that Gal1 enhanced C. trachomatis attachment to cervical epithelial cells
through recognition of bacterial glycoproteins and N-glycosylated host cell recep-
tors, particularly platelet-derived growth factor receptor (PDGFR)β and β1/αVβ3
integrins (Lujan et al. 2018). Bacterial entry was facilitated by exposure to Gal1,
mainly in its dimeric form, which favored interactions among C. trachomatis, and
between the bacteria and host cells. In vivo studies in mice lacking Gal1 or complex
branched N-glycans supported the in vitro results (Lujan et al. 2018).

Interactions of galectins with eukaryotic parasites can also promote their attach-
ment and entry into epithelial or phagocytic cells, the latter by opsonic effect. The
protozoan parasite Trichomonas vaginalis is the causative agent of a sexually trans-
mitted human infection, which can effectively colonize cervical epithelial cells, pla-
centa, endometrial and decidual tissue, as well as prostate (Okumura et al. 2008).
Gal1 was identified as the receptor for T. vaginalis on epithelial cells: the parasite
exhibits abundant lipophosphoglycan (LPG) with galactosyl moieties that are rec-
ognized by Gal1 expressed by the epithelial cells, facilitating parasite attachment to
the cervix linings (Okumura et al. 2008).

Taking advantage of galectin functions as opsonins, the protozoan parasitePerkin-
sus marinus, a facultative intracellular parasite of the eastern oyster Crassostrea
virginica is recognized via the oyster’s 4-CRD galectins CvGal1 and CvGal2 that
recognize and promote phagocytosis of the parasite by the circulating hemocytes
(Fig. 7.4a). Both CvGal1 and CvGal2 recognize and bind to microalgae such as
Tetraselmis spp., and potentially pathogenic bacterial species such as Aeromonas
spp., Carnobacterium spp., Streptococcus spp., Bacillus spp., and Vibrio spp., sup-
porting the notion that during filter-feeding, the oyster galectins contribute to feeding
and anti-microbial defense in the gut lumen by promoting phagocytosis of both phy-
toplankton and bacteria, killing by intracellular respiratory burst, and digesting them
in the phagosome compartment by lysosomal enzymes. Therefore, P. marinus par-
asites may have co-evolved with their host to subvert the defense and feeding roles
of the oyster galectins. This would have taken place by adaptation of the parasite’s
glycocalyx to be competitively recognized by the hemocyte galectins over microal-
gal food and microbial pathogens, and phagocytosed by the oyster hemocytes, where
they inhibit respiratory burst and proliferate, eventually causing systemic infection
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Fig. 7.4 Galectins from the host or vector can facilitate attachment of parasites. a The galectins
CvGal1 and CvGal2 from the oyster (Crassostrea virginica) recognize and opsonize Perkinsus
marinus trophozoites and promote their phagocytosis (a) by hemocytes (phagocytic cells in the
oyster hemolymph and tissues). The phagocytosedP.marinus trophozoites avoid intracellular killing
by inhibiting the hemocyte oxidative burst (b), and transmigrate through the gut epithelium (c, d)
into the internal milieu, where it proliferates (e), causing systemic infection and eventually death of
the oyster host. b The sandfly (Phlebotomus papatasi) TR galectin PpGalec recognizes and binds
to poly-Gal(β1–3) side chains (light blue circles) on the lipophosphoglycan (LPG) of Leishmania
major amastigotes (a) and facilitates attachment of the parasite to the midgut (b), preventing their
excretion along with the digested blood meal. The amastigotes mature into promastigotes (c) and
undergo numerous divisions (d) before differentiating into infective metacyclics (e, f). During
metacyclogenesis, LPG can be capped with arabinose (pink squares), inhibiting recognition by
PpGalec and allowing the free-swimming infective metacyclic promastigotes to detach from the
sandfly midgut and migrate to the salivary glands for transmission to the mammalian host (Adapted
from Vasta 2009)



186 G. R. Vasta

and death of the oyster host (Tasumi and Vasta 2007; Feng et al. 2013, 2015a, b;
Kurz et al. 2013; Vasta et al. 2015).

Eukaryotic parasites also take advantage of the binding properties of galectins
not only from the host but also from invertebrate vectors to attach to their cell
surfaces. These can be illustrated by interactions of Leishmania species with the
midgut linings of their insect vectors prior to transmission to the vertebrate hosts
(Fig. 7.4b). Leishmania amastigotes attach to the insect midgut epithelium via the
sandfly galectin PpGalec that binds to the Gal(ß1-3) side chains on the Leishma-
nia LPG, to prevent their excretion along with the digested bloodmeal (Kamhawi
et al. 2004). During differentiation of the amastigotes into free-swimming infective
metacyclics, modifications of their glycocalyx reduce binding by PpGalec, releas-
ing flagellated metacyclics that migrate to the vector’s salivary glands, and upon the
sandfly’s next feeding will infect a new vertebrate host (Kamhawi et al. 2004).

7.6 Conclusion

It is currently well established that by recognizing endogenous (self) cell surface
and soluble glycans ligands, galectins participate in early development, tissue repair,
regulate immune homeostasis, and contribute to trigger immune responses upon
infectious challenge. As discussed throughout this review, as galectins can recognize
exogenous (non-self) glycans present on the surface of virus, bacteria, and eukaryotic
parasites, they are also considered bona fide pattern recognition receptors (PRRs).
The capacity of galectins to recognize structural topologies (“patterns”) by a galectin
can be illustrated by the recognition with similar binding affinity of the disaccharides
LacNAc and TDG by the proto-type galectin from the South American toad Bufo
arenarum (Bianchet et al. 2000). The crystal structures of the B. arenarum galectin
complexes with LacNAc and TDG allowed us to rationalize the structural basis of
the PRR concept as it concerns the recognition of “self’ and “non-self” carbohydrate
moieties by galectins (Fig. 7.5). The structures revealed that the non-reducing termi-
nal galactose, shared by both disaccharide ligands, shows identical interactions with
the protein. The second moiety (GlcNAc in LacNAc and another galactose in TDG)
establishes different contacts in the TDG and in the LacNAc complex, although
the same number and quality of H-bonds are present in both cases (two direct and
one water mediated to the protein) (Fig. 7.5b, c). This structural evidence reveals
that the galectin is exquisitely specific, displaying a surprising structural plasticity
to establish well-defined amino acid/sugar interactions for the two chemically dis-
tinct disaccharides, LacNAc and TDG, resulting in similar binding affinity for both
(Bianchet et al. 2000).

Based on the Medzhitov and Janeway model (Medzhitov and Janeway 2002),
however, PRRs such as the mannose-binding lectin (MBL) recognize pathogens
via highly conserved microbial surface molecules of wide distribution such as
lipopolysaccharide or peptidoglycan (pathogen- or microbe-associated molecular
patterns, PAMPs or MAMPs), which are absent in the host (Fig. 7.6a). Although
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Fig. 7.5 Recognition of topologically similar disaccharides (LacNAc and TDG) by the Bufo are-
narum proto-type galectin. a Structure of the dimer of B. arenarum galectin-thiodigalactoside
(TDG) complex. Bound TDG disaccharides are shown on the binding clefts of both galectin sub-
units. b N-acetyllactosamine (LacNAc) bound to B. arenarum galectin (monomer B). The relevant
CRD residues and the hydrogen bonds (dashed lines) to the sugar are shown. Carbon atoms are in
white, oxygen in red; nitrogen in blue. c Thiodigalactoside (TDG) bound to B. arenarum galectin
(monomer B). The relevant CRD residues and the hydrogen bonds (dashed lines) to the sugar are
shown. Carbon atoms are in white, oxygen in red; sulfur in yellow; nitrogen in blue (Adapted from
Bianchet et al. 2000)

this is true for some galectin ligands such as LacDiNAc in the helminth Schisto-
soma mansoni, the Candida albicans β1,2-linked oligomannans, and the Perkinsus
marinus trophozoite surface glycans, most of the galectin carbohydrate ligands on
the pathogen or parasite surface are identical or highly similar to those endogenous
host ligands (Fig. 7.6b). Therefore, galectins do not rigorously fit the definition of
PRRs, as they can recognize carbohydrate ligands that are displayed on both the
host and the pathogen cell surface. Because TR galectins display in tandem-arrayed
CRDs of similar but distinct specificity in a single polypeptide monomer, the bind-
ing and cross-linking of endogenous and exogenous glycans can be rationalized by
the distinct properties of their binding sites. For other lectins such as the proto- and
chimera-type galectins that display a single binding site per monomer, their capac-
ity to recognize both endogenous and exogenous glycans through the same binding
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Fig. 7.6 Recognition of exogenous (“non-self”) carbohydrate ligands on viruses, bacteria, para-
sites, and fungi by a bona fide pattern recognition receptor (PRR: mannose-binding lectin; MBL)
and galectins: a The mannose-binding lectin (MBL) functions as a bona fide pattern recognition
receptor (PRR) by recognizing oligosaccharides (microbe-associated molecular patterns, MAMPs,
or pathogen-associated molecular patterns, PAMPs) on the surface of potential pathogens (para-
sites, bacteria, and viruses) that are either absent or unavailable for binding in the host cell surfaces.
b Galectin-3 (Gal3) can function as true PRR by recognizing β1,2-linked oligomannans on the
surface of Candida albicans, which are absent from the host, but can also recognize LacNAc and
polylactosamines abundant on the host cell surface. Other galectins such as the oyster CvGal1
and CvGal2, Gal4 and the zebrafish Drgal1-L2 can recognize exogenous (“non-self”) carbohydrate
ligands on viruses, bacteria, parasites, and fungi that may be topologically similar (Perkinsus mari-
nus, recognized by CvGal1 and CvGal2) or chemically identical (IHNV envelope oligosaccharides
recognized by Drgal1-L2) to the host’s endogenous ligands

site cannot be rigorously explained with the current evidence. This apparent para-
dox reveals our limited knowledge about the actual diversity in recognition of the
host galectin repertoire and the structural and biophysical aspects of ligand binding
preference (Dam and Brewer 2010). This lack of detailed information particularly
concerns the diverse architectural display of the galectin ligands within the com-
plex carbohydrate moieties of the host cell and the microbial surface, and how these
features impact the affinity and avidity of the oligomeric galectins in the extracel-
lular space. Furthermore, multiple factors pertaining to the local galectin concen-
trations and oligomerization, susceptibility to oxidative inactivation and proteolytic
cleavage, and the biophysical properties of the microenvironment(s) in which the
aforementioned interactions take place warrant further investigation (Vasta 2009).

From a functional point of view, recognition of glycans on the surface of virus,
bacteria, and parasites by host galectins can lead to various and sometimes opposite
outcomes that benefit either the host or the pathogen. For example, as discussed
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above galectins can block pathogen attachment and infection, or directly kill or pro-
mote phagocytosis, intracellular killing, and clearance of the pathogen from the host,
which are defense functions that seem to have arisen early in evolution. In contrast,
galectins can also promote attachment of pathogens and parasites to the host cells, and
facilitate infection. From an evolutionary standpoint, given that host galectins play
key roles in early development, tissue repair, and regulation of immune homeostasis
via recognition of “self” carbohydrate moieties, the substantial conservation of this
lectin family from protistans, and fungi, to invertebrates and vertebrates supports the
notion that strong functional constraints would prevent any dramatic evolutionary
changes in galectin structure and carbohydrate specificity that would be detrimental
to the host. Together with the well-recognized evolutionary plasticity of pathogens
for colonization of host tissues, it seems plausible that pathogens would have rather
evolved their surface glycosomes to mimic their hosts, and subvert the roles of host
galectins by taking advantage of their carbohydrate-binding properties for attachment
and entry into the host cells in a “Trojan horse” model (Vasta 2009).
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Chapter 8
Siglecs at the Host–Pathogen Interface

Yung-Chi Chang and Victor Nizet

Abstract Siglecs are sialic acid (Sia) recognizing immunoglobulin-like receptors
expressed on the surface of all the major leukocyte lineages in mammals. Siglecs
recognize ubiquitous Sia epitopes on various glycoconjugates in the cell glycocalyx
and transduce signals to regulate immunological and inflammatory activities of these
cells. The subset known as CD33-related Siglecs is principally inhibitory receptors
that suppress leukocyte activation, and recent research has shown that a number of
bacterial pathogens use Sia mimicry to engage these Siglecs as an immune evasion
strategy. Conversely, Siglec-1 is amacrophage phagocytic receptor that engagesGBS
and other sialylated bacteria to promote effective phagocytosis and antigen presen-
tation for the adaptive immune response, whereas certain viruses and parasites use
Siglec-1 to gain entry to immune cells as a proximal step in the infectious process.
Siglecs are positioned in crosstalk with other host innate immune sensing pathways
to modulate the immune response to infection in complex ways. This chapter sum-
marizes the current understanding of Siglecs at the host–pathogen interface, a field
of study expanding in breadth and medical importance, and which provides potential
targets for immune-based anti-infective strategies.
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8.1 Introduction

Sialic acid-binding immunoglobulin-type lectins (Siglecs) are cell surface receptors
belonging to the immunoglobulin (Ig) superfamily. The extracellular domains of
these receptors comprise one ligand-binding V-set domain and a variable number of
C2-set domains,with high-sequence similarities to the variable and constant region of
antibodies, respectively. Siglecs are mostly located on the cell surface of hematopoi-
etic cells, with the exception of Siglec-4 (Schwann cells) and Siglec-6 (epithelial
cells). Until now, 14 human Siglecs and 9 murine Siglecs have been identified with
different preferences for binding to terminal sialic acids (Sia) on glycan structures in
a linkage-sensitive fashion. The arginine residue in the Siglec V-set domain is critical
for contacting the carboxyl group of the Sia to form a salt bridge that stabilizes the
binding interaction.

Phylogenetically, Siglec family members can be subdivided into two groups:
First, there are Siglecs that are conserved among different species, but showing
low-sequence identity to one another, including Siglec-1, Siglec-2, Siglec-4, and
Siglec-15. The other group comprises the so-called CD33 (Siglec-3)-related Siglecs
(CD33rSiglecs), which show low gene conservation but possess higher degrees
of sequence identity among the subfamily members. Both conserved Siglecs and
CD33rSiglecs include activating and inhibitory receptors. The inhibitory Siglecs con-
tain an immunoreceptor-based inhibition motif (ITIM) in their intracellular domain,
conferring the ability to antagonize immune signaling pathways through the recruit-
ment of the SHP phosphatases. Conversely, activating Siglecs have an aspartic acid
residue in their trans-membrane domain that associates with immunoreceptor-based
activation motif (ITAM)-containing adaptor DAP12 (DNAX-activation protein of
12 kDa) to promote signaling and immune responses. Lastly, Siglec-1 does not pos-
sess a functional intracellular domain and is not known to signal directly, but rather
plays a role in cell–cell and cell–microbe interactions.

8.2 Siglecs in Bacterial Infection

Glycans are ubiquitous on eukaryotic cell surfaces via their incorporation in gly-
coproteins, glycosphingolipids, and glycerophosphatides. In mammalian cells, Sia
is usually the outmost sugar residue on the oligosaccharide chains of cell surface
or serum glycoconjugates, where it functions in recognition and anti-recognition
phenomena ranging from the regulation of complement activation to the control of
cell–cell apposition (Varki 1993). Like their host cells, bacteria have also evolved
complex biosynthetic pathways to produce a diverse array of carbohydrates that form
the building blocks of capsular polysaccharides (CPS), lipopolysaccharides (LPS),
lipooligosaccharides (LOS), and peptidoglycans. These specialized bacterial gly-
cans play pivotal roles in a number of biological processes, particularly mediating
microbe–host interactions during the onset and development of infectious disease.
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It has been long known that the bacterial CPS represents a key virulence factor for
most encapsulated bacterial pathogens by protecting them from immune clearance
within the host. Some bacterial capsules interfere with the binding and activation
of complement factors on the bacterial surface by inhibiting the C3b convertase or
recruiting inhibitory complement factorH (Cross andKelly 1990). Bacterial capsules
exerting this immune resistance mechanism usually contain sialic or polysialic acids
or hyaluronic acid (HA), structurally identical or similar to the polysaccharides found
in mammalian tissues, as exemplified by Escherichia coliK1,Neisseria meningitidis
types B and C, or group A or group B Streptococcus (Stevens et al. 1978; Wessels
et al. 1989; Foley and Wood 1959; Dale et al. 1996). Envelopment in these host-like
capsular structures confers resistance to complement-mediated killing and phago-
cytic uptake by neutrophils and macrophages, increasing the chance of bacterial
survival and dissemination into host tissues. In addition to these passive mechanisms
of protection, an emerging hypothesis has been raised based upon the discovery
of inhibitory members of the Siglec protein family on immune cells. Researchers
have explored whether these host-mimicking pathogens can blunt activation of anti-
microbial responses via engagement of inhibitory Siglecs using the Sia in their CPS.
In parallel, studies have asked how hosts have evolved to better recognize and destroy
such camouflaged pathogens. The interplay between a particular sialylated human
pathogen, group B Streptococcus (GBS), and host immune responses serves as a
good first example to illustrate the role of Siglecs and bacterial expression of Sia in
the pathogenesis of infection.

GBS is a leading cause of neonatal pneumonia, sepsis, and meningitis and is
increasingly recognized as a pathogen in elderly and immunocompromised adult
populations (Heath and Schuchat 2007; Thigpen et al. 2011; Skoff et al. 2009). GBS
can be classified into ten serotypes varying in structural and antigenic features, but
which share in common the presence of a terminal Sia residue that closely resem-
bles the one presented throughout the abundant surface glycocalyx of all human
cells (Cieslewicz et al. 2005). Sialylated CPS from different GBS serotypes inter-
acts with several human Siglecs in a Sia- and serotype-specific manner (Carlin et al.
2007). Through this Sia molecular mimicry, GBS engages inhibitory human Siglec-9
receptors on neutrophils, resulting in reduced production of reactive oxidative species
(ROS) and neutrophil extracellular traps (NETs), which together impair bactericidal
activity (Carlin et al. 2009b). Recently, GBS Sia engagement of Siglec-9 on human
platelets to suppress their activation and release of antimicrobial peptides (AMPs)
was shown to contribute to GBS resistance to platelet killing (Uchiyama et al. 2019).
Corroborating these findings, transgenic mice expressing a soluble Siglec-9 recep-
tor, which acts as a decoy to prevent neutrophil suppression, were more resistant to
GBS infection in vivo (Saito et al. 2016). Linkages to the underlying sugar chain
as well as the substitution at certain carbon positions of Sias are critical in deter-
mining their binding specificity for Siglecs. One study used isogenic mutants with
differentO-acetylation phenotypes to show that SiaO-acetylation protects GBS CPS
from enzymatic removal by microbial sialidases produced by commensal microbes
occupying in the same mucosal niche as GBS (Weiman et al. 2009). However, the
same modification markedly reduced GBS binding to human Siglec-9, such that
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highly O-acetylated GBS mutants were less able to accomplish Sia-mediated neu-
trophil suppression and showed reduced virulence in vivo (Weiman et al. 2009, 2010).
These observations suggest that GBSmust balance competing evolutionary selective
pressures to fine tune the O-acetylation level of CPS Sias to maximize its survival
advantage in the host.

The role ofGBSCPSSia engagement of inhibitory Siglecs in the context of in vivo
infection was first addressed in Siglec-E deficient mice due to the similarity of func-
tion and cellular distribution between human Siglec-9 and murine Siglec-E. Upon
lower dose GBS challenge intranasally or intravenously, Siglec-E deficient mice
showed increased production of several inflammatory cytokines and had reduced
dissemination of the pathogen to the brain (GBS meningitis). However, exaggerated
inflammatory mediators and reduced anti-inflammatory cytokine IL-10 production
were observed in the Siglec-E deficient mice during a high-dose lethal challenge
with GBS (Chang et al. 2014a). Thus, the sum consequence of the GBS molecu-
lar mimicry and inhibitory Siglec engagement is likely to vary based upon the site,
stage, and magnitude of infection. Importantly, in addition to Sia-dependent Siglec
engagement, certain GBS strains can use the surface-anchored β protein to bind
human Siglec-5, another inhibitory Siglec preferentially expressed on macrophages
and neutrophils. This protein-mediated engagement increased bacterial attachment
to the macrophage surface, but simultaneously paralyzed macrophage killing func-
tions, leading to a net reduction of phagocytosis, ROS production, NET formation,
and bactericidal activity (Carlin et al. 2009a).

To counteract inhibitory Siglec hijacking strategies of bacterial pathogens, host
Siglec-1 (sialoadhesin, CD169) plays a crucial role in limiting bacterial dissemina-
tion. This receptor, uniquely expressed in themarginal metallophilic and subcapsular
sinus macrophages, recognizing the same key Sia epitope on the GBS surface, how-
ever lacks an intracellular ITMmotif (Crocker andGordon 1989;Crocker et al. 1994).
Siglec-1 binding to GBS CPS Sia promoted phagocytic and bactericidal activity of
macrophages in vitro and restricts GBS dissemination in vivo (Chang et al. 2014b).
Loss of Siglec-1 expression not only affected the macrophage sampling and trapping
capabilities but also the production of anti-GBS antibodies, suggesting a key role
in optimization of antigen presentation and subsequent adaptive immune response
against sialylated pathogens (Chang et al. 2014b). Another evolutionary adaption of
the host to defeat pathogen Siglec hijacking is the emergence of activating Siglecs
with the potential to counteract inhibitory Siglec-mediated immune suppression.
In 2006, Angata et al. discovered Siglec-14, which possesses nearly identical Sia-
binding domain as inhibitory Siglec-5 through gene conversion, but is coupled with
DAP12, an ITAM motif bearing adaptor (Angata et al. 2006). Thus Siglec-5 and
-14 represent paired receptors with opposite signaling effects. For example, on neu-
trophils and amniotic epithelium, β protein-expressing GBS can bind to Siglec-5
and Siglec-14, with the latter engagement stimulating p38 MAP kinase and AKT
signaling to promote more efficient bacterial clearance. Notably, a SIGLEC14-null
polymorphism is present in some humans, caused by fusion between SIGLEC14 and
SIGLEC5 genes, resulting in functional deletion of Siglec-14 expression (Yamanaka
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et al. 2009). A genetic survey of the SIGLEC14-null polymorphism and GBS colo-
nization and premature delivery found that SIGLEC14-null allele is associated with
higher GBS colonization in mothers and more frequent premature birth of infants
from GBS-positive pregnancies (Ali et al. 2014).

In addition to GBS, the pathogens Escherichia coli K1 and Neisseria meningi-
tidis serotype B, important agents of bacterial meningitis in infants and children,
possess sialylated capsules. The CPS produced by these two bacteria resembles
the same poly-α2,8-Sia (PSA) structure abundantly expressed on neurons and the
glia cells of the developing central nervous systems (CNS) is critical for neuron
development and function (Finne 1982; Devi et al. 1991; Rutishauser 2008). The
human-specific Siglec-11 shows a unique expression pattern in human microglia
and selective binding preference to α2,8-linked Sias (Angata et al. 2002; Hayakawa
et al. 2005). Engagement of Siglec-11 by endogenous host PSA exerts protective
effects against inflammation-mediated neurotoxicity (Wang and Neumann 2010).
The mimicry of mammalian PSA by E. coliK1 andN. meningitidis type B CPSmay,
therefore, target Siglec-11 expression on microglia to blunt immune responsiveness
and facilitate neuroinvasion, consistent with the high rates of mortality and serious
neurological sequelae seen with these pathogens (Robbins et al. 1974; Kaper et al.
2004). Interestingly, the activating Siglec-16, which shares over 99% of sequence
identity to the first two Ig-like domain of Siglec-11 but is coupled with ITAM-
containing DAP12, was later discovered to be a paired receptor of Siglec-11 allowing
fine-tuning of immune responses (Cao et al. 2008). Pathogenic E. coli K1 engages
inhibitory Siglec-11 through their PSA capsule to inhibit macrophage anti-bacterial
functions. In contrast, activating Siglec-16 expressing macrophages recognizes the
same epitope to promote elimination of pathogen (Schwarz et al. 2017). In sum,
macrophage engagement of GBS β protein or E. coli K1 PSA capsule illustrates an
evolutionary dynamic in which the activating member of the Siglec receptor pair
may override the immune suppressive responses generated by pathogen mimicry of
the inhibitory Siglec member.

In addition to the CPS, sialylation of LPS and LOS is also a prominent binding
target of Siglecs. For example, Siglec-1 and Siglec-5 bind to the sialylated LPS of
N. meningitidis, and cells expressing either Siglec internalized meningococci in a
Siglec- and Sia-dependent manner (Jones et al. 2003). Strains of Campylobacter
jejuni express various monosialylated and disialylated LOS with α2,3- or α2,3/2,8-
linked Sia residues, respectively, which perfectly mimic host neural gangliosides
GM1, GD1a, GD3, or GT1a. Colonization with C. jejuni strains possessing sialy-
lated LOS is epidemiologically associated with higher risk of developing a postinfec-
tious autoimmune neuropathy termed Guillain-Barré syndrome (Jacobs et al. 1996;
Willison et al. 2016; Willison and Yuki 2002). Several human Siglecs recognize
these particular sialylated LOS structures, although the functional consequences of
this interaction require further investigation. Siglec-7, which is expressed on nat-
ural killer (NK) cells, monocytes, and dendritic cells (DCs), can mediate specific
Sia-dependent interaction with C. jejuni LOS (Avril et al. 2006). C. jejuni strains
recognized by Siglec-7 express terminal disialylated residuesmimicking host GQ1b-
like epitopes, including GD1c and GD3. The Siglec-7 binding signal of C. jejuni



202 Y.-C. Chang and V. Nizet

correlates with its ability to elicit anti-GQ1b antibodies, and strains recognized by
Siglec-7 were particularly associated with oculomotor weakness in Guillain-Barré
syndrome and its so-called Miller-Fisher variant (Heikema et al. 2013). On the other
hand,C. jejuniwith α2,3-linked Sia on the LOS chain showed strong interaction with
Siglec-1 (Heikema et al. 2010), which facilitated bacterial uptake and induce higher
macrophage production of the pro-inflammatory cytokine IL-6 (Heikema et al. 2013).
A key role of Siglec-1 in recognition of sialylated C. jejuni LOS was confirmed in
Siglec-1 deficient animals. Bone-marrow-derived macrophages from mice lacking
Siglec-1 showed greatly reduced phagocytosis of sialylated C. jejuni, coupled with
reduced production of proinflammatory cytokines and type I interferon responses
(Klaas and Crocker 2012).

Sialylated LOS is important in DC and macrophage activation as well as subse-
quent T cell polarization and B cell activation. Removal of Sia from theC. jejuni LOS
causes reduced myeloid cell activation and subsequent B cell responses (Kuijf et al.
2010; Huizinga et al. 2012, 2013). Varied sialylated LOS structures differentially
modulate DC-mediated T cell polarization in a Siglec-dependent manner, wherein
the GD1a/GM1a mimic induced a more pronounced Th2 skewing, while the GD1c
mimic preferentially stimulated Th1 responses (Bax et al. 2011). These observations
suggest that targeting distinct DC-expressed Siglecs may represent a potential strat-
egy for manipulating Th cell differentiation programs and forestalling autoimmune
disease post C. jejuni infection. In addition to modulating host DC functions via
its sialylated LOS, C. jejuni triggers IL-10 production of DCs via engaging Siglec-
10 through the pseudaminic acid residues on its flagella (Stephenson et al. 2014).
These abundant Sia and Sia-like C. jejuni surface structures (e.g. pseudaminic acid)
help mediate a complicated interaction with host immune cells that may impact
C. jejuni human disease associations, ranging from autoimmune neuropathies to
asymptomatic colonization in individuals with repeated exposure to Campylobacter
spp.

In addition to the well-studied microorganisms mentioned above, a growing list
of bacterial species have been discovered to display sialoglycoconjugates on their
surfaces, such as Pseudomonas aeruginosa (Khatua et al. 2010, 2012), Klebsiella
pneumoniae (Lee et al. 2014), and nontypeable Haemophilus influenzae (NTHi)
(Kalograiaki et al. 2016). P. aeruginosa recruits host sialoglycoproteins and dis-
plays them on the bacterial surface, and these absorbed Sias can enhance bacterial
survival by reducing complement deposition and engaging inhibitory Siglec-9 to sup-
press neutrophil bactericidal machinery (Khatua et al. 2010, 2012). K. pneumoniae
exhibiting a hypermucoviscosity phenotype possess abundant Sia CPS; blocking of
the pathogen’s ability to engage inhibitory Siglec-9 enhances neutrophil bactericidal
activity (Lee et al. 2014). NTHi LOS also contains a terminal Sia residue that inter-
acts with Siglec-14, which enhances inflammatory cytokine production in Siglec-
14-expressing macrophages correlating to COPD exacerbation in human patients
(Angata et al. 2013). All these observations suggest that Sia molecular mimicry
by many medical important bacteria can interplay with various Siglecs to affect
infectious risk and clinical disease manifestations.
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Glycosaminoglycans (GAGs) are another family of complex carbohydrates ubiq-
uitously present on mammalian host cell surfaces and in the extracellular matrix,
regulating a wide range of biological functions from cell adhesion and cell migra-
tion to tissue repair and immune responses (Linhardt and Toida 2004). In another
instance of molecular mimicry, GAG structures have been discovered in several
gram-positive and gram-negative bacterial capsules (Wessels et al. 1994; Jann and
Jann 1992; DeAngelis 2002). The GAG HA is structurally identical in animals and
in the capsule of group A Streptococcus (GAS) where it is serving as a molecular
camouflage to evade host immune responses (Wessels et al. 1994; Dale et al. 1996).
Recently, GAS was shown to use its HA capsule to target Siglec-9 on neutrophils,
thereby blocking NET formation and oxidative burst to inhibit bactericidal function
(Secundino et al. 2016). It is an interesting example of convergent evolution that two
structurally unrelated carbohydrates, Sia of GBS andHAofGAS, each target distinct
epitopes in the V-set domain of inhibitory Siglec-9 to dampen immune responses and
promote pathogen survival in the human host (Secundino et al. 2016).

8.3 Siglecs in Viral Infection

Although fundamentally distinct from theSiamolecularmimicry strategies employed
by bacterial pathogens to engage inhibitory Siglecs for immune evasion, several lines
of evidence indicate viruses can themselves take advantage of Sia-Siglec interactions
for cell targeting, spreading, and trans-infection.

Human immunodeficiency virus-1 (HIV-1) exploits a Sia-Siglec axis to facilitate
its entry into myeloid cells and trans-infection into CD4+ T cells. Notably, Siglec-1
possesses a unique extended 17 Ig-like extracellular domain structure extending out
from the surface glycocalyx in an un-masked state which makes it an ideal surface
entry target. Moreover, in contrast to infected CD4+ T cells, myeloid cells are rela-
tively resistant to HIV-1-induced cytopathic effects and there is no obvious depletion
of myeloid cells in HIV-1-infected patients. To escape from host immune surveil-
lance, HIV-1 may have evolved to hijack this Siglec-1-mediated cellular recognition
pathway for its own benefit, to hide within infected macrophages and trans-infect
CD4+ T cells for efficient viral spread.

In the manner of many enveloped retroviruses, the HIV-1 envelope glycoprotein
gp120 is heavily glycosylated, and gp120 mutations that remove N-linked glycan
sites on HIV (and simian immunodeficiency virus SIV) impair virus attachment and
entry (Auwerx et al. 2008). A direct interaction of HIV-1 and Siglec was first reported
by Rempel et al. in 2008, where expression levels of Siglec-1 were correlated to HIV-
1 viral load, and Siglec-1 was proven to bind HIV-1 in a Sia-dependent manner and
facilitate infection to a permissive reporter cell line (Rempel et al. 2008). Later gp120
was proven to serve as viral ligand for Siglec-1 and for several CD33rSigecs, includ-
ing Siglec-3, -5, -7, and -9, with varying avidity and HIV-1 strain dependency. More-
over, this Siglec-gp120 interaction facilitates virus infectivity to macrophages and T
cells (Zou et al. 2011; Varchetta et al. 2013). Mature DCs (mDCs) capture HIV-1 and



204 Y.-C. Chang and V. Nizet

viralmembrane gangliosides, then transfer the virus to bystander CD4+ T cells via the
established immunological synapses between these two immune cell types. Host cell-
derived α2,3 sialylated glycosphingolipid (GSL) on the HIV-1 particle membrane
is the ligand for Siglec-1 on mDC required for triggering mDC-mediated trans-
infection of CD4+ T cells in lymphoid organs (Yu et al. 2014; Izquierdo-Useros et al.
2012; Puryear et al. 2013). A population of cervical DCs at the lamina propria of the
ectocervix and the endocervix that express Siglec-1 may be particularly important,
and ex vivo studies suggest that CD4+ T cell trans-infection from these cells can be
blocked by addition of anti-Siglec-1 antibodies (Perez-Zsolt et al. 2019a).

A loss-of-function variant (Glu88Ter) of SIGLEC1 gene was recently identified
from the Exome Aggregation Consortium genetic database to be present in 1% of
the human population. Monocytes isolated from individuals with this specific vari-
ant completely lack Siglec-1 expression and have reduced HIV capture and trans-
infection phenotypes ex vivo. However, individuals carrying this truncated Siglec-1
protein do not show marked difference in HIV-1 acquisition and AIDS outcomes
in vivo, which suggests an indispensable (and perhaps dominant) role of the classi-
calHIV-1 infectious routes in theHIV-1 disseminationwithin the infected individuals
(Martinez-Picado et al. 2016).

The importance of Siglec-1-mediated viral spreading has also been confirmed
in vivo in murine retroviral infection models. Murine leukemia virus (MLV) is rec-
ognized by murine Siglec-1 through its sialylated gangliosides (Erikson et al. 2015;
Sewald et al. 2015).MLV captured by Siglec-1-expressing sinus-liningmacrophages
and subsequent trans-infection into B-1 cells through their synaptic contacts was
directly demonstrated by time-lapse intravital 2-photon laser scanning microscopy
(Sewald et al. 2015). Virus capture and efficient MLV infection at the lymph node
and spleen were significantly reduced by Siglec-1-targeting antibodies as well as
in Siglec1−/− mice (Sewald et al. 2015). These data confirm a pivotal role of Siglec-
1 in initial retroviral capture and suggest that Siglec-1 could represent a therapeutic
target to reduce viral laden macrophage reservoirs and to prevent trans-infection.
However, in a murine model of the splenomegaly-inducing retrovirus Friend virus
complex (FVC) infection, Siglec-1-expressing macrophages capture of incoming
blood-borne retroviruses limited their spread to erythroblasts in the red pulp where
FVC manifests its pathogenesis (Uchil et al. 2019). In this case, Siglec-1-mediated
FVC capture was beneficial, and further activatedDCs and promoted cytotoxic CD8+

T cell responses, promoting efficient clearing of FVC-infected cells (Uchil et al.
2019).

Another well-documented example of Siglec exploitation for viral entry and
immune modulation is the example of porcine reproductive and respiratory syn-
drome virus (PRRSV). PRRSV infection is one of the most economically devastat-
ing diseases in the global pork industry. PRRSV has a narrow cell tropism, primarily
targeting cells of the monocyte/macrophage lineage (Duan et al. 1997). Two cel-
lular proteins, CD163 and Siglec-1 have been identified as the primary targets for
PRRSV binding and internalization (Duan et al. 1998; Vanderheijden et al. 2003).
α2-3 and, to a lesser extent, α2-6-linked Sias on the PRRSV virion mediate viral
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attachment and infection alveolar macrophages, with Siglec-1 serving as the pri-
mary entry receptor responsible for Sia-dependent binding through its N-terminal
V-set domain (Delputte and Nauwynck 2004; Delputte et al. 2007). Siglec-1 neu-
tralization blocks PRRSV infection in a dose-dependent manner, and overexpression
of Siglec-1 in non-permissive cells enhances PRRSV cell attachment and internal-
ization (Duan et al. 1998; Vanderheijden et al. 2003). In subsequent studies, Sias
on the viral envelope structural protein M/GP5 heterodimer were identified as the
binding target of Siglec-1 (Van Breedam et al. 2010), and the interaction of PRRSV
with Siglec-1 interferes with macrophage phagocytic activity, which may increase
the incidence and severity of secondary bacterial infections complicating primary
PRRSV disease (De Baere et al. 2012).

Since Siglec-1 and CD163 are the two key receptors for PRRSV entry and inter-
nalization into porcine alveolar macrophages, neutralization of these two viral recep-
tors has been explored as a potential target to control PRRSV infection in pigs. Two
recent reports support this therapeutic concept. Neutralization of PRRSV infectiv-
ity for porcine alveolar macrophages was achieved by addition of soluble Siglec-1
and CD163 Fc fusion proteins, or by recombinant adenovirus- or exosome-delivered
microRNA that specifically targeted CD163 and Siglec-1 (Chen et al. 2014b; Zhu
et al. 2014). In addition, pigs that received recombinant adenovirus-delivered solu-
ble CD163 plus Siglec-1 had reduced PPRSV viral loads and fecal viral emission,
concurrent with improved clinical scores and higher survival rates from the conta-
gious infection (Xia et al. 2018). It is notable that an in vivo study conducted in
SIGLEC1 knockout pigs found that the absence of Siglec-1 expression does not alter
to the clinical course and histopathology of PRRSV infection (Prather et al. 2013),
implying a potential redundant function of CD163 and Siglec-1 in PRRSV infection
and the importance of dual targeting for potential pharmacological interventions.

Although Siglec-1 and CD163 are general recognized as the key entry mediators
for PRRSV infection, a recent report demonstrated that certain PRRSV strains can
infect Siglec-1-deficient cells by exploiting Siglec-10 in the presence of CD163 (Fry-
das and Nauwynck 2016; Xie et al. 2017). Siglec-10 showed a higher affinity to type
2 PRRSV vs. type 1 PRRSV and mediates attachment and endocytosis of PRRSV in
a Sia-dependent manner, while transfection of Siglec-10 into non-permissive cells
also restored the PRRSV infectivity. These findings indicate that PRRSV can use
several Siglecs to enter macrophages and may influence strain differences in patho-
genesis (Xie et al. 2017). Of note, PRRSV lung infection inducesminimal production
of type I interferon and inflammatory cytokines compared to infections caused by
swine influenza virus and porcine respiratory coronavirus (Van Reeth et al. 1999).
Like other inhibitory Siglecs, porcine Siglec-10 contains one ITIM and one ITIM-
like motif possibly, likely counteracting key immune activation pathways induced
by viral infection (Crocker et al. 2007).

Budding from theGSL-enriched domain is a conserved feature of other enveloped
viruses. Incorporation of host GSL into the viral envelope is found in Hendra and
Nipah viruses, two enveloped RNA viruses of the family Paramyxoviridae, and these
viruses can utilize the Sia-Siglec-1 axis to potentiate mDC-dependent capture and
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trans-infection of T cells (Akiyama et al. 2014). Ebola viruses cause lethal hem-
orrhagic fever in humans, with many recent outbreaks on the African continent.
Recently, Ebola virus entry into activated DCs was shown to involve Siglec-1 recog-
nition of sialylated gangliosides anchored to Ebola virus membranes (Perez-Zsolt
et al. 2019b). Blockade of Siglec-1 by specific monoclonal antibodies interrupted
Ebola viral uptake and cytoplasmic entry, providing cross-protection against other
GSL-containing viruses including HIV-1 (Perez-Zsolt et al. 2019b). This finding
suggests that incorporation of GSLs in virus particle membranes facilitates Siglec-1
binding to mDC and may be a conserved mechanism for enveloped RNA viruses to
exploit mDC for systemic virus dissemination.

Finally, Siglec-1 modulates T cell-mediated anti-viral responses during human
respiratory syncytial virus (RSV) infection, with key differences between newborns
and adults. Upon RSV infection, expression of Siglec-1 is upregulated on monocytes
from both newborns and adults, whereas expression of Siglec-1 ligand, CD43, is only
highly upregulated on adult CD4+ T cells (van den Berg et al. 2001; Jans et al. 2018).
This finding is consistent with observations that Siglec-1 inhibits IFN-γ production
by adultCD4+ Tcells but not newbornCD4+ Tcells, although the detailedmechanism
remains unknown (Jans et al. 2018).

8.4 Siglecs in Parasitic and Fungal Infections

Unlike many bacterial and viral infections, parasitic diseases caused by protozoa and
helminths are often chronic, lasting months to years or even lifetimes. Animal para-
sites have developed remarkable strategies to interfere with or avoid immune clear-
ance mechanisms to establish a chronic infection in their vertebrate hosts, including
several examples of Sia-Siglec-mediated interactions that help achieve this immune
evasion phenotype.

The protozoan parasite Trypanosoma cruzi, the causative agent of Chagas dis-
ease, illustrates well how Sia can be exploited by animal parasites to escape host
immune surveillance, from the very first encounter with innate immune cells to the
late-mounted adaptive immune responses. Although T. cruzi cannot synthesize Sias
de novo, it uses its trans-sialidase (TcTS) enzyme to transfer Sias from host sialyl-
glycoconjugates to its own surface mucins (Pereira 1983; Pereira et al. 1980). These
highly sialylated mucin-like coats generated on the T. cruzi surface confer resistance
to complement-mediated killing by impeding C3 convertase assembly, and block
potential lytic effects of host anti-α-Gal antibodies thatwould recognize the otherwise
exposed α-galactosyl epitopes on the mucin-like glycoproteins (Pereira-Chioccola
et al. 2000; Tomlinson et al. 1994). Moreover, T. cruzi sialyl-glycoconjugates facili-
tate its binding to Siglec-1 on host macrophages, and this interactionmay be involved
in the initiation of trypomastigote infection (Monteiro et al. 2005). T. cruzi can also
use its surface sialyl-glycoconjugates to engage Siglec-E on DCs and actively sup-
press their production of proinflammatory cytokine IL-12, impairing generation of
protective Th1 responses (Erdmann et al. 2009).
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Presence ofα2-3 andα2-6 linked sialoglycans has also been discovered on another
flagellated protozoa, Leishmania donovani, the causative organism of Indian visceral
leishmaniasis (Chatterjee et al. 2003), such that high Sia-containing virulent strains
bind both Siglec-1 and Siglec-5. The Sia-Siglec-1 interaction promotes macrophage
uptake of the parasite promoting dissemination to other siteswithin the body,whereas
the Sia-Siglec-5 binding suppresses ROS,NO, andTh2-dominant cytokine responses
in infected macrophages by counteracting MAPK and PI3K/Akt signaling pathways
(Roy and Mandal 2016).

Lastly, vaginitis caused by the fungal pathogen Candida is common and fre-
quently recurrent condition in women’s health. Recently, a combined global genetic
and immune profiling study of clinical populations identified polymorphisms in
SIGLEC15 as candidate genetic predispositions involved in Candida vaginitis sus-
ceptibility (Jaeger et al. 2019).A particular SIGLEC15polymorphismwas associated
with great inflammasome signaling and IL-1β production in response to Candida
in vitro, and in vivo silencing of Siglec15 in a murine vaginitis model was associated
with increased fungal burden and neutrophilic inflammation (Jaeger et al. 2019).

8.5 Crosstalk Between Siglec and Pattern-Recognition
Receptors in Host Defense Mechanism

Recent evidence indicates that Siglecs functionally intersect with other host innate
immune sensing pathways to modulate the response to viral and bacterial infection in
important ways. For example, the RNA virus vesicular stomatitis virus (VSV) upreg-
ulates Siglec-G expression in macrophages through intracellular nucleic acid sensor
RIG-I- or NF-κB-dependent mechanisms (Chen et al. 2013). Subsequent recruitment
of SHP-2 phosphatase to the Siglec-G intracellular domain initiates a pathway for
RIG-I degradation, thus suppressing anti-viral immunity. In corroboration, inactiva-
tion of Siglec-G protects mice against lethal VSV infection (Chen et al. 2013). VSV
infection also results in upregulation of Siglec-1 in macrophages, which triggers a
negative regulation pathway for TBK1 degradation via the ubiquitin ligase TRIM27,
suppressing type I interferon production and allowing the virus to escape immune
elimination (Zheng et al. 2015). Siglec-G expression is low in CD8α+ DCs, and
Siglec-G deficient mice generate more antigen-specific cytotoxic T cell responses to
inhibit intracellular bacterial infection (Ding et al. 2016).

One line of evidence developed in recent years suggests a potential for direct
interactions between Siglec receptors, e.g. human Siglec-5 or -9 and murine Siglec-
E and -F, and various toll-like receptors (TLRs) to downregulate the inflammatory
pathways downstream of their pattern recognition (Chen et al. 2014a). Consequently,
Siglec-E deletion was seen to boost DC responses to a broad range of microbial
TLR ligands. In this model, activation of the mammalian sialidase Neu1 to the cell
surface disrupts Siglec-E-TLR4 interaction, suggesting it can serve to derepress and
allow positive feedback of TLR activation during infection (Chen et al. 2014a).
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Caution is warranted, however, by another study applied quantitative proteomics to
three different strains of Siglec-E-deficient mice. Quantitative proteomics found no
consistent differences in TLR4 signaling or TLR4 endocytosis in response to LPS,
nor did macrophages from the Siglec-E-deficient mice exhibit significant differences
in uptake or killing of Salmonella enterica in vitro (Nagala et al. 2017).

8.6 Future Perspectives

Siglecs are important and broadly distributed lectin receptors of leukocytes uniquely
poised to detect Sias and its perturbation during homeostasis and in disease states. The
importance of Siglecs in immunopathologywas proposed as early as the identification
of Siglec-3 (CD33) and Siglec-2 (CD22) as biological markers of myeloid leukemias
andB cell lymphomas, respectively.Mounting evidence supports the concept that Sia
molecular mimicry serves as a virulence mechanism to subvert host innate immunity
or to infect permissive target cells through an interplay with various Siglecs. As our
understanding of Siglec influences on glycans-mediated host–pathogen interactions
is now rapidly expanding and deepening, there is considerable interest in exploiting
Siglecs for immunotherapy and disease prevention. Design of glycan-based thera-
peutics and their requirements for potency and specificity will likely provide a new
biotechnological approach to effectively intervene in immunological processes to
reduce the incidence and severity infectious diseases.
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Chapter 9
Siglecs that Associate with DAP12

Takashi Angata

Abstract Siglecs are a family of transmembrane receptor-like glycan-recognition
proteins expressed primarily on leukocytes. Majority of Siglecs have an intracellu-
lar sequence motif called immunoreceptor tyrosine-based inhibitory motif (ITIM)
and associate with Src homology region 2 domain-containing tyrosine phosphatase-
1 (SHP-1), and negatively regulate tyrosine phosphorylation-mediated intracellular
signaling events. On the other hand, some Siglecs have a positively charged amino
acid residue in the transmembrane domain and associate with DNAX activation
protein of 12 kDa (DAP12), which in turn recruits spleen tyrosine kinase (Syk).
These DAP12-associated Siglecs play diverse functions. For example, Siglec-15 is
conserved throughout vertebrate evolution and plays a role in bone homeostasis
by regulating osteoclast development and function. Human Siglec-14 and -16 have
inhibitory counterparts (Siglec-5 and -11, respectively), which show extremely high
sequence similarity with them at the extracellular domain but interact with SHP-1.
The DAP12-associated Siglec in such “paired receptor” configuration counteracts
the pathogens that exploit the inhibitory counterpart. Polymorphisms (mutations)
that render DAP12-associated inactive Siglecs are found in humans, and some of
these appear to be associated with sensitivity or resistance of human hosts to bac-
terially induced conditions. Studies of mouse Siglec-H have revealed complex and
intriguing functions it plays in regulating adaptive immunity. Many questions remain
unanswered, and further molecular and genetic studies of DAP12-associated Siglecs
will yield valuable insights with translational relevance.
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9.1 Introduction

Glycan recognition proteins in vertebrates are often expressed by leukocytes, and are
often involved in the discrimination of self versus non-self. For example, some of
the C-type lectins recognize pathogen-associated molecular patterns (PAMPs) and
alert immune system, as described in other chapters. On the other hand, sialic acids,
a group of acidic sugars with nine-carbon backbone (Angata and Varki 2002), are
rarely found in microbes. Thus, sialic acids can be a good marker of “self” (self-
associated molecular patterns, i.e., SAMPs) for vertebrate immune system (Varki
2011). In fact, complement factor H, a protein that regulates the complement cas-
cade by binding to and inhibiting complement component C3b in association with
complement factor I, has been known to bind to sialic acids and protect mammalian
cells from complement-mediated attack (Meri and Pangburn 1990; Blaumet al. 2015;
Blaum 2017). Investigations in the past few decades have revealed that not only sol-
uble protein (complement factor H) but also membrane-bound receptor-like proteins
utilize sialic acids as SAMPs. At least some members of Siglec family appear to fall
into this category.

As the properties and functions of Siglec family have been extensively reviewed
elsewhere (Varki and Angata 2006; Pillai et al. 2012; Macauley et al. 2014), this
chapter only reiterates some basic information here. The word “Siglec” is a compos-
ite word from “sialic acid (Sia)”, “immunoglobulin (Ig) superfamily”, and “lectin”
(Crocker et al. 1998). As the name suggests, most of them recognize glycans that con-
tain sialic acids. Siglecs share a basic architecture, which consists of anN-terminal V-
set Ig-like domain, followed bymultipleC2-set Ig-like domains (the number ofwhich
varies from 1 to 16), a single-pass transmembrane domain, and a short cytoplasmic
tail. TheN-terminal Ig-like domain is themost important for sialic acid recognition.A
subgroup of Siglecs (i.e., sialoadhesin/Siglec-1, CD22/Siglec-2, myelin-associated
glycoprotein (MAG)/Siglec-4, and Siglec-15) is conserved among multiple lineages
of vertebrates, whereas others, collectively known as CD33/Siglec-3-related Siglecs
(CD33rSiglecs), are less conserved (Fig. 9.1). CD33rSiglecs are encoded in a gene
cluster, implying that this subfamily has expanded by repeated gene duplications;
sequences of CD33rSiglec geneswere further diversified through genetic recombina-
tion and exon shuffling events, in addition to the gradual accumulation of nucleotide
substitutions (Angata et al. 2004).

The Siglec family can also be classified based on the partner molecule involved in
the signal transduction. Majority of Siglecs have a sequence motif called immunore-
ceptor tyrosine-based inhibitory motif (ITIM) and another ITIM-like motif in the
cytoplasmic tail, and recruit Src homology region 2 domain-containing tyrosine
phosphatase-1 (SHP-1), a protein tyrosine phosphatase that plays a major role in
suppressing autoimmunity (Shultz et al. 1997). This configuration implies that the
majority of Siglecs play a negative regulatory role in the cells that express them.
This fact fits the current view of the basic role of Siglecs, which is to sense the
sialic acids on own cells as SAMPs and to prevent immune responses against them
(Lajaunias et al. 2005; Duong et al. 2010; Varki 2011). In contrast, a small number
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Fig. 9.1 Schematic representation of Siglecs in primates and rodents. Analyses of genomic DNA
sequences ofmammals so far have revealed that primate genomes encode up to 17 functional Siglecs,
while the rodent genomes have nine functional Siglecs. Other lineages of mammals may have
different set of Siglecs (Angata 2006). Note that not all primate Siglecs are present in all primates.
For example, Siglec-13 is absent in humans, and Siglec-17 is non-functional or absent in many Old
World monkeys and apes (including humans). Putative orthologous and isofunctional relationships
between primate and rodent Siglecs are indicated with solid and gray lines, respectively. V-set Ig-
like domains are represented by larger ovals with darker shade, whereas C2-set Ig-like domains
are represented by smaller ovals with lighter shade. Other symbols used are: filled circle: ITIM;
open circle: ITIM-like sequence motif; diamond with “+” symbol: positively charged amino acid
residue in the transmembrane domain, which is involved in the interaction with DAP12. Modified
from Angata (2017)

of Siglecs lack ITIM, and instead have a positively charged amino acid residue in the
transmembrane domain, which is involved in the interaction with DNAX activation
protein of 12 kDa (DAP12), a small adapter protein that has an immunoreceptor
tyrosine-based activating motif (ITAM). Phosphorylated ITAM of DAP12 recruits
spleen tyrosine kinase (Syk), a protein tyrosine kinase that plays a major role in
the recognition and elimination of foreign agents by the immune system (Kerrigan
and Brown 2011; Lowell 2011). Thus, a subset of Siglecs may recognize SAMPs
and activate the immune system. This situation appears risky, as it could lead to
autoimmunity. How could this risk be mitigated?
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In this chapter, the Siglecs that associate with DAP12 are introduced. Siglec-15 is
a DAP12-associated Siglec that appears to be conserved in vertebrates. Two human
Siglecs (Siglec-14 and -16) and two primate Siglecs (Siglec-13 and -17) absent in
humans have been shown to interact with DAP12. In rodents, Siglec-H is known to
associate with DAP12. Functions of these Siglecs and the potential mechanisms that
prevent the triggering of autoimmunity by these Siglecs will be discussed.

9.2 Primate and Rodent Siglecs that Associate with DAP12

DAP12, also known as killer-activating receptor-associated protein (KARAP), is
encoded by TYROBP gene in humans. DAP12 is a type I transmembrane protein
expressed on natural killer cells and myeloid cells, and has an aspartic acid residue
in the transmembrane domain, by which it interacts with numerous membrane pro-
teins that have a positively charged amino acid residue in the transmembrane domain
(Turnbull and Colonna 2007). One of these DAP12-associated receptors is trigger-
ing receptor expressed on myeloid cells 2 (TREM2, encoded by TREM2 gene in
humans). Mutation in either TYROBP or TREM2 gene causes a hereditary disease
called Nasu-Hakola disease (also known as polycystic lipomembranous osteodyspla-
sia with sclerosing leukoencephalopathy) (Paloneva et al. 2000, 2002, 2003), imply-
ing that TREM2 is one of the major receptors that use DAP12 as signaling module.
The mechanism that enables various receptors that use DAP12 as a common signal-
ing module to play diverse receptor-specific functions is not fully understood, but
the specific recognition of ligands by these receptors is likely of critical importance.

None of the DAP12-associated human Siglecs has been as extensively studied as
TREM2, partly because only Siglec-15 among them is conserved between human
and mouse, allowing functional investigations using mouse model. Nevertheless,
valuable insights have been gained by evolutionary studies, cell-based functional
studies, and genetic association studies in humans.

9.2.1 Siglec-15

Siglec-15 is conserved from fish to mammals (Angata et al. 2007). In contrast to
most Siglecs that have three cysteine residues in each of the two N-terminal Ig-like
domains, which form not only intra-domain disulfide bonds but also an inter-domain
disulfide bond that tether these two domains, Siglec-15 has even number of cysteine
residues in these domains (4 and 2 cysteines in the first and second Ig-like domain,
respectively), that is more typical for Ig superfamily. These facts may possibly imply
that Siglec-15 was the ancestor of the Siglec family. Siglec-15 interacts with DAP12,
and also with another adapter protein, DNAX activation protein of 10 kDa (DAP10),
at least when these proteins are over-expressed (Angata et al. 2007).
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Multiple laboratories have demonstrated that Siglec-15 is expressed on osteoclasts
and is involved in osteoclast differentiation (Hirumaet al. 2011; Ishida-Kitagawaet al.
2012; Stuible et al. 2014). Siglec-15 deficient mice develop mild osteopetrosis (i.e.,
an increase of bone density) (Hiruma et al. 2013; Kameda et al. 2013), particularly in
the trabecular bone, due to the deficiency in osteoclast differentiation. This property
prompted some groups to propose Siglec-15 as a potential therapeutic target for
osteoporosis (Hiruma et al. 2013; Stuible et al. 2014; Kameda et al. 2015; Shimizu
et al. 2015). Importantly, antibody-mediated cross-linking of osteoclast cell-surface
Siglec-15 facilitates internalization and degradation of Siglec-15 (Stuible et al. 2014),
mimicking Siglec-15 deficiency.

We have recently demonstrated that CD44 is a biologically relevant ligand of
Siglec-15 on an osteoclast model cell line (Chang et al. 2017). Our previous find-
ings that Siglec-15 recognizes tumor-associated glycan structure (sialyl-Tn) and is
expressed on tumor-associated macrophages and regulates the production of growth
factor (Angata et al. 2007; Takamiya et al. 2013), combined with the high expression
of sialyl-Tn and CD44 on various solid tumors (Ponta et al. 2003; Zoller 2011),
imply that Siglec-15 may also play some roles in tumor microenvironment through
interaction with the ligands displayed on tumor cells.

There may be several safeguarding mechanisms to prevent Siglec-15 from pro-
moting autoimmunity by recognizing sialic acid-containing ligands. For example, the
expression of Siglec-15 is restricted to osteoclasts (as mentioned above) and a subset
of lymph node macrophages in normal tissues (Angata et al. 2007); its expression on
lymph node macrophages appears to be predominantly intracellular (Angata et al.
2007); the glycan structure it preferentially recognizes (sialyl-Tn) is also expressed
in a spatio-temporarily restricted manner in normal tissues (Ogata et al. 1995; Julien
et al. 2012).

9.2.2 Siglec-14

The gene encoding Siglec-14 (SIGLEC14) was initially identified as a genetic seg-
ment that shows extreme sequence identity with SIGLEC5, the gene encoding Siglec-
5 (Angata et al. 2004). A follow-up study revealed that this segment encodes a func-
tional protein, whichwas designated Siglec-14 (Angata et al. 2006). Siglec-14 is con-
served among primates and some other lineages of mammals, but is absent in rodents
(Angata et al. 2004, 2006; Angata 2006). Siglec-14 is expressed onmyeloid cells and
enhances pro-inflammatory responses by interacting with DAP12 (Yamanaka et al.
2009). Given that the glycan binding preference of Siglec-14 is somewhat promis-
cuous (Angata et al. 2006), it is possible that Siglec-14 may recognize endogenous
sialylated glycans and induce pro-inflammatory responses.

Onepossiblemechanismbywhich the immune systemcircumvents this problem is
to couple it with an inhibitory counterpart. The gene encoding Siglec-14 (SIGLEC14)
is located right next to SIGLEC5 encoding Siglec-5, a SHP-1-associated inhibitory
Siglec (Cornish et al. 1998), in a tandem (head-to-tail) orientation. The expression
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patterns of Siglec-14 andSiglec-5 overlap at least partially (Yamanaka et al. 2009). [A
caution is required for the interpretation of the earlier reports on the expression pattern
of Siglec-5, as most antibodies against Siglec-5 cross-react with Siglec-14 (Angata
et al. 2006).] Asmentioned above, the segment of SIGLEC14 gene that encodes theN
terminus of the protein (signal peptide and first two Ig-like domains) shows extreme
sequence similarity with the corresponding segment in SIGLEC5 gene, and thus
Siglec-14 and Siglec-5 show similar glycan binding preferences (Angata et al. 2006).
This extreme sequence similarity between SIGLEC14 and SIGLEC5 is observed in
multiple species, likely implying that the sequence similarities between these two
genes have been maintained through repeated gene conversion events in multiple
lineages and selected for under selective pressure (Angata et al. 2006). Based on the
findings that Siglec-5 is exploited by some bacterial pathogens (Carlin et al. 2009;
Angata et al. 2013; Ali et al. 2014) and that Siglec-14 appears to counteract this
exploitation by binding to the bacteria and triggering cell-activating signals (Angata
et al. 2013; Ali et al. 2014), it was proposed that Siglec-14may have arisen to counter
the pathogens that exploit Siglec-5.

This hypothesis gained support from human genetic studies. An allele in which
SIGLEC14 and SIGLEC5 are fused (resulting in SIGLEC14–SIGLEC5 fusion gene)
is common (allele frequency > 0.05) in all human populations tested, and is even
a dominant allele in some parts of East Asia (Yamanaka et al. 2009). This fusion
gene lacks the segment that is unique to Siglec-14, and encodes a protein identical
to Siglec-5 in amino acid sequence; thus, it is functionally a SIGLEC14-null allele.
By focused genetic association studies, this SIGLEC14-null allele was found to be
associated with the increased risk of pre-term delivery in the presence of group
B Streptococcus infection (Ali et al. 2014), whereas the same allele is associated
with the reduced risk of exacerbation among the patients of chronic obstructive
pulmonary disease (Angata et al. 2013) and the development ofmeningitis among the
individuals infected by Mycobacterium tuberculosis (Graustein et al. 2017). While
the first case implies that Siglec-14 counters the pathogens that exploit Siglec-5
(thus protect the host), the latter two imply that strong pro-inflammatory responses
caused by bacterial engagement of Siglec-14 may be detrimental to the host under
some circumstances. This fact may explain why SIGLEC14-null allele is dominant in
some geographical areas; in the areawhere some environmental condition that causes
chronic lung inflammation is widespread and the inflammation can be exacerbated
by some bacteria (e.g., non-typeable Haemophilus influenzae, a commensal bacteria
present in the airways of a majority of healthy individuals), carriers of SIGLEC14-
null allele may have had some selective advantage. However, definitive proof to
support this hypothesis is still lacking.
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9.2.3 Primate Siglec-16

Siglec-16 is another Siglec that is coupled with inhibitory counterpart (in this case
Siglec-11). The gene encoding human Siglec-16 (SIGLEC16) was initially con-
sidered a pseudogene (designated SIGLECP16 or SIGLEC16P) because of a 4-
nucleotide deletion in exon 2 (Angata et al. 2002), but an independent study cor-
rectly pointed out that this deletion in human SIGLEC16 is polymorphic and a func-
tional allele also exists (Cao et al. 2008). The latter study also demonstrated that
Siglec-16 interacts with DAP12 and transduces cell-activating signal. Thus, Siglec-
16 associates with DAP12, whereas Siglec-11 associates with SHP-1 and transduces
inhibitory signal (Angata et al. 2002). These proteins show high sequence similar-
ity, which is particularly high at the N-terminal three Ig-like domains (Hayakawa
et al. 2005). A putative ortholog of SIGLEC11 gene is found in multiple mammalian
lineages, whereas SIGLEC16 appears to be confined to primate lineage (Cao et al.
2008).

Similar to SIGLEC14 and SIGLEC5, SIGLEC16 and SIGLEC11 genes are also
located next to each other, but in this case the two genes are situated in an inverted
(head-to-head) orientation (Angata et al. 2002). In the lineage leading to modern
humans, these two genes have undergone several rounds of gene conversion events
(Wang et al. 2012a). In addition, our recent study has revealed that SIGLEC16 and
SIGLEC11 have also undergone concerted evolution in other lineages of primates
(Hayakawa et al. 2017). The frequency of gene conversion events appears to be lower
than that of SIGLEC14/SIGLEC5 pair, likely because of the inverted orientation of
the genes (Hayakawa et al. 2017). Siglec-11 was reported to preferentially recog-
nize α2–8-linked oligosialic acids (Angata et al. 2002), and the gene conversions
appear to have maintained this binding preference of Siglec-11 and Siglec-16 pro-
teins (Hayakawa et al. 2017). These findings imply that the Siglec-11 and Siglec-16
have also been maintained as paired receptors under some selective pressure.

Siglec-11 and Siglec-16 are both expressed on myeloid cells, including brain
microglia (Hayakawa et al. 2005; Cao et al. 2008). The expression of Siglec-11
(and/or Siglec-16) in brain is considered to be a human-specific event (Hayakawa
et al. 2005), which was likely caused by a gene conversion by the promoter region of
the non-functional allele of SIGLEC16 gene (i.e., SIGLEC16P) (Wang et al. 2012a).
Whereas earlier reports on the expression patterns of Siglec-11 (Hayakawa et al.
2005; Wang et al. 2011) using a monoclonal antibody against Siglec-11 may require
re-evaluation due to the cross-reactivity of the antibodywithSiglec-16, the expression
of Siglec-11 and Siglec-16 on myeloid cells was confirmed with a set of mono-
specific antibodies that recognize either Siglec-11 or Siglec-16 alone (Schwarz et al.
2017).

Curiously, the non-functional allele of SIGLEC16 appears to be dominant inmod-
ern humans (Cao et al. 2008; Wang et al. 2012a; Hayakawa et al. 2017). A study
showing genetic association of this polymorphism with any human disease is yet to
be seen. Regardless, a functional study using mouse model, in which Siglec-E (an
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inhibitory Siglec widely expressed on myeloid cells) was converted to an activating-
type “Siglec-E16” by replacing its native transmembrane-intracellular segment with
that of human Siglec-16, revealed that the mice expressing Siglec-E16 is protected
against K1 strain ofEscherichia coli, a bacterial strain coveredwith capsular polysac-
charide consisting of polysialic acids and causes meningitis in humans (Schwarz
et al. 2017). Thus, an overall picture that was proposed for Siglec-14–Siglec-5 pair,
that is, activating-type Siglec counters the pathogen that exploits inhibitory coun-
terpart, appears to be applicable to Siglec-16–Siglec-11 pair as well. The risk of
Siglec-16-mediated autoimmune reaction by recognition of SAMP may be miti-
gated by the presence of Siglec-11. In addition, low prevalence of oligo/polysialic
acids in non-neuronal tissues compared with those of other linkages (i.e., α2-3 and
α2-6-linked sialic acids) may also contribute to the avoidance of SAMP-mediated
stimulation of innate immune system by Siglec-16 engagement [although the distri-
bution of oligo/polysialic acids in mammalian tissues is much broader than it was
once assumed in the past (Sato and Kitajima 2013; Colley et al. 2014)].

Another study using transgenic mice that express Siglec-11 in mononuclear
phagocytes demonstrated that Siglec-11 has anti-inflammatory function by recog-
nizing polysialic acids (Karlstetter et al. 2017). As inflammation in nervous system
can lead to detrimental consequences (e.g., neurodegenerative disorders), the preva-
lence of non-functional SIGLEC16 allele in modern humans may imply that the
carrier of the allele had some selective advantage (Hayakawa et al. 2017). However,
again, definitive proof to support this hypothesis is still lacking.

9.2.4 Primate Siglec-13 and Siglec-17

The gene encoding Siglec-13 (SIGLEC13) was eliminated from human genome,
while it is present in the genomes of other primates (Angata et al. 2004). The dele-
tion of this gene is uniform in all humans examined (Wang et al. 2012b). The same
study demonstrated that chimpanzee Siglec-13 is expressed in myeloid cells, recog-
nizes sialylated glycans, interacts with DAP12, and enhances inflammatory cytokine
responses upon lipopolysaccharide (LPS; a ligand for Toll-like receptor (TLR) 4)
stimulation of the myeloid cells that express it (Wang et al. 2012b). Paradoxically,
stimulation of the same myeloid cells (RAW264.7 mouse macrophage cell line)
that express chimpanzee Siglec-13 with sialylated bacterial pathogen resulted in the
reduced production of pro-inflammatory cytokine (tumor necrosis factor α; TNFα),
which is opposite to what was observed by the stimulation with LPS.

The same study revealed that the gene for primate Siglec-17 (gene symbol
SIGLEC17P, originally designated SIGLECP3, in humans) is a pseudogene in human
(due to 1 bp deletion in coding sequence) andmany other OldWorldmonkeys (due to
independent events that rendered it non-functional or non-existent), but it is a func-
tional gene inmarmoset, a NewWorldmonkey (Wang et al. 2012b). The SIGLEC17P
transcript is selectively expressed in natural killer cells in humans. The authors “resur-
rected” human Siglec-17 (i.e., re-created functional human Siglec-17 cDNA), which
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recognizes sialylated glycans, interacts with DAP12, and enhances inflammatory
cytokine responses upon LPS stimulation of the myeloid cells that express it (Wang
et al. 2012b).

Given that the glycan binding patterns of these Siglecs appear to be rather promis-
cuous (Wang et al. 2012b), the mechanisms that prevented these activating-type
Siglecs from causing inflammatory responses against own cells is not clear. As men-
tioned above, chimpanzee Siglec-13 expression on myeloid cells enhanced TNFα

production in response toLPS stimulation but suppressed theTNFα response to sialy-
latedbacteria.A similar suppressive signal viaDAP12-associatedSiglecwas reported
for Siglec-H (as described below), implying that Siglec-13 may have acquired a
new signaling modality to transduce suppressive signaling in a sialylated ligand-
dependentmanner. In either case, the pseudogenization of SIGLEC13 and SIGLEC17
appears to be selected for, possibly suggesting that the loss of these genes were
favorable at some stage of primate evolution (Wang et al. 2012b).

9.2.5 Rodent Siglec-H

Mouse Siglec-H was the first Siglec to be reported as a DAP12-associated Siglec
(Blasius et al. 2006). Siglec-H is a rodent-specific Siglec (Zhang et al. 2006) and
shows unique expression on plasmacytoid dendritic cells (pDCs) (Blasius et al. 2004,
2006; Zhang et al. 2006), a subset of macrophages in spleen and in lymph nodes
(Zhang et al. 2006), and microglia (Konishi et al. 2017). DAP12 is required for the
cell-surface expression of Siglec-H (Blasius et al. 2006), which is similar to many
other DAP12-associated proteins (Turnbull and Colonna 2007).

Functional studies using antibody have shown that Siglec-H is involved in the
regulation of type I interferon (IFN) production in response to TLR9 and TLR7
engagement. However, unexpectedly, Siglec-H does not enhance the production of
type I IFNbut rather suppresses it (Blasius et al. 2004, 2006). This antibody-mediated
suppression of type I IFN response appears selective, in that an independent study
revealed that the pDC treatment with TLR9 ligand in the presence of anti-Siglec-H
antibody did not alter the production of several other cytokines (TNF-α, interleukin
(IL)-10, and IL-6) (Zhang et al. 2006).

Type I IFN is a key coordinator of the host defense against viral infection, and pDC
is the primary source of type I IFN. Therefore, some studies have addressed whether
Siglec-H plays any significant role in the immune reaction against viral infection.
A study, with intention to investigate the role of pDCs in immunity, developed a
mouse line that turned out to be deficient in Siglec-H (Takagi et al. 2011). This
study revealed that Siglec-H deficiency leads to exaggerated activation of NF-κB
pathway in pDCs, enhanced production of type I IFN and IL-12p40 in response
to TLR9 stimulation in vivo, and stronger antigen-specific CD4+ T cell responses
and weaker antigen-specific CD8+ T cell responses in vivo, as compared with control
mice. The Siglec-H-deficientmicewere less efficient in clearing herpes simplex virus
(Takagi et al. 2011). Another study, using an independent line of Siglec-H deficient



224 T. Angata

mice, revealed that the type I IFN production in response to mouse cytomegalovirus
(mCMV) infection was indeed enhanced, but it did not result in enhanced clearance
of the virus (Puttur et al. 2013). Interestingly, the Siglec-H-deficient mice develop
autoimmune disease similar to lupus several weeks after the mCMV infection, in a
type I IFN-dependent manner (Schmitt et al. 2016). Aging Siglec-H-deficient mice
are also reported to develop mild autoimmunity (Schmitt et al. 2016).

Siglec-H has endocytic function (Zhang et al. 2006) that is dependent on DAP12
(Kopatz et al. 2013). This property was exploited to efficiently deliver antigen to
pDCs for cross-presentation, facilitating the development of antigen-specific CD8+

(cytotoxic) T cells (Zhang et al. 2006). On the other hand, another study found that the
delivery of antigen to pDC via Siglec-H inhibits the development of CD4+ (helper)
T cell-dependent immunity (Loschko et al. 2011). Thus, the delivery of antigen to
pDCs via Siglec-H appears to have opposite effects on CD4+ T versus CD8+ T cell-
mediated immunity. These results appear to be in line with the phenotype of Siglec-
H-deficient mice, which showed stronger antigen-specific CD4+ T cell responses
and weaker antigen-specific CD8+ T cell responses compared with control mice
(Takagi et al. 2011). The molecular mechanism behind this biased support for T cell
subsets by Siglec-H is not fully understood. It appears possible that the antibody-
mediated internalization of Siglec-H (mimicking Siglec-H deficiency), rather than
the pDC-targeted antigen delivery, induced the phenotype observed.

Although mouse Siglec-H has canonical sequence features of Siglecs, including
conserved arginine residue on the β-strand F of the first Ig-like domain that makes
contact with the carboxyl group of sialic acid, glycan ligand for Siglec-H has not been
found so far (Zhang et al. 2006). Given that rat Siglec-H lacks the conserved arginine
residue essential for sialic acid recognition, it appears possible that rodent Siglec-H
does not interact with glycans that contain sialic acid, but rather with some other
ligand (Zhang et al. 2006). Whereas a study found that Siglec-H binds to glioma cell
lines but not to normal astrocytes or other normal cells, the molecular entity of the
ligandwas not identified (Kopatz et al. 2013). If Siglec-Hdoes not recognize common
sialylated ligands (i.e., SAMPs), it is not likely to trigger autoimmunity against own
tissues. Siglec-H may be also sequestered in an intracellular compartment in certain
cell types (Zhang et al. 2006), which may prevent the contact between Siglec-H and
its ligand.

The signal transduction mechanism by which DAP12-mediated signal from
Siglec-H leads to suppression of type I IFN production is not fully understood. Based
on previous findings that DAP12-deficient myeloid cells show enhanced responses
to TLR agonists (Hamerman and Lanier 2006; Hamerman et al. 2005), it was pro-
posed that low-degree Siglec-H engagement by antibody or endogenous ligand leads
to sequestration of Siglec-H or recruitment of inhibitory mediator, whereas high-
degree engagement by pathogen may lead to cell activation and enhanced type I IFN
production (Blasius and Colonna 2006). In an alternative model proposed by the
same authors, co-engagement of TLR and Siglec-H by pathogen may be required for
strong type I IFN response (Blasius and Colonna 2006). Definitive proof for either
of these models is yet to be published.
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9.2.6 Other Siglecs that Potentially Associate with DAP12

Some other primate and rodent Siglecs have been implied to interact with DAP12.
For example, mouse CD33/Siglec-3 was predicted to interact with DAP12, based
on the sequence similarity in the transmembrane domain with that of mouse Siglec-
H (Blasius et al. 2006). Mouse CD33/Siglec-3 is a putative ortholog of primate
CD33/Siglec-3, but unlike primate CD33/Siglec-3 that has canonical ITIM and asso-
ciates with SHP-1 (Paul et al. 2000; Taylor et al. 1999; Ulyanova et al. 1999), it lacks
canonical ITIM (although it retains a membrane-distal ITIM-like motif). Several
other genes/pseudogenes for CD33-related Siglecs in mammals were also predicted
to have a conserved lysine residue in the transmembrane domain, which may be
engaged in the interaction with DAP12 (Cao et al. 2008). Experimental confirmation
of these predictions is awaited.

Sialoadhesin/Siglec-1 was also reported to be associated with DAP12 (Wu et al.
2016;Zhenget al. 2015), although the transmembranedomainof sialoadhesin/Siglec-
1 lacks positively charged amino acid residue, and thus it is unlikely to directly
interact with DAP12. Further investigation would be required to find out how
sialoadhesin/Siglec-1 interacts with DAP12 (e.g., by way of another adapter protein
that bridges between sialoadhesin/Siglec-1 and DAP12).

9.3 Summary

Siglecs that associate with DAP12 have diverse functions, ranging from bone home-
ostasis, pathogen recognition to the regulation of adaptive immune responses, as
described in the previous section. Evolutionary processes appear to have employed
several mechanisms to prevent self-inflicted injury by the immune system (i.e.,
autoimmunity) triggered by the engagement of DAP12-associated Siglecs by sialy-
lated glycans (SAMP), such as the sequestration of Siglec into intracellular compart-
ment (Siglec-15 and Siglec-H), restricted distribution of sialylated ligands (Siglec-
15), or loss of binding to common sialylated ligands (Siglec-H), coupling with
inhibitory counterpart (Siglec-14 and Siglec-16), acquisition of alternative signaling
modality (Siglec-13 and Siglec-H), and ultimately, pseudogenization or loss of the
gene encoding DAP12-associated Siglec (Siglec-13, -14, -16, -17) (Fig. 9.2).

Despite the efforts by several groups in the past decade, many unanswered ques-
tions remain regarding the functions of DAP12-associated Siglecs and the molecular
mechanisms they use for immune regulations. For example, biologically relevant
ligands for these Siglecs are not clearly identified in many cases. Such information
may shed new light on the function of these Siglecs. Further studies on the genetic
association of polymorphisms of human Siglecs would be necessary to further reveal
appropriate biological contexts in which these Siglecs play significant roles. Iden-
tification of intracellular molecular partner(s) in addition to DAP12 may also allow
us to better understand how these Siglecs operate (e.g., the mechanism by which
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Fig. 9.2 Possible mechanisms that prevent the development of autoimmunity through the recogni-
tion of sialylated glycans by DAP12-associated Siglecs. Some potential mechanisms that may pre-
vent self-oriented attacks (autoimmunity) by the immune cells triggered by the interaction between
sialylated glycans (self-associatedmolecular patterns) andDAP12-associatedSiglecs are illustrated.
Such mechanisms include sequestration into intracellular compartments (Siglec-15 and Siglec-H),
restricted distribution of sialylated ligands (Siglec-15) or loss of binding toward sialylated lig-
ands (Siglec-H), coupling with inhibitory counterpart (Siglec-14 and Siglec-16), altered signaling
modality (Siglec-13 and Siglec-H), and pseudogenization or gene deletion (Siglec-13, -14, -16, -17)

primate Siglec-13 and rodent Siglec-H transduce suppressive regulatory signaling).
Further investigations ofDAP12-associated Siglecswill lead to deeper understanding
of Siglec family as a whole, and potentially lead to clinical translations.
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