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Abstract

Although originally proposed as functional tuners capable of influencing signal-
ing thresholds of immune cells, emerging evidence indicates a more central and
hierarchical role of glycans and glycan-binding proteins as stimulators or inhib-
itors of innate and adaptive immunity. An increasing number of studies reveal
the relevance of glycan-containing information in host-pathogen recognition and
the control of immune cell homeostasis, inflammation, and tumor immunity. In
this chapter, we summarize general concepts of glycoimmunology and illustrate
selected examples of the contribution of glycans and glycan-binding proteins
(C-type lectins, siglecs, and galectins) to innate and adaptive immune responses
in physiologic and pathologic settings.
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Introduction: Glycans as Central Regulators of Inmune
Responses

Genetic manipulation of components of the glycosylation machinery has demon-
strated essential roles of glycans and glycan-binding proteins in innate and adaptive
immunity (Baum and Crocker 2009). Elegant studies over the past decade
highlighted the contribution of N-glycans to the development of spontaneous T-
cell-mediated autoimmunity. Deficiency in f1,6 N-glycan branching in N-
acetylglucosaminyltransferase 5 (MGATS5)-deficient mice resulted in sustained
T-cell activation which led to a spontaneous demyelinating and neurodegenerative
disease that recapitulated multiple sclerosis (MS). Supporting these findings, recent
studies in MS patients revealed that dysregulated Golgi N-glycosylation is a final
common pathway in which disease-associated environmental factors and multiple
genetic variants (IL-7RA, IL-2RA, and CTLA-4) converge (Dennis et al. 2009;
Rabinovich and Croci 2012).

Another paradigmatic example illustrating the role of N-glycans in immunity has
been reported in mice deficient in the a-mannosidase («M)-1I. Targeted deletion of
aM-II led to diminished N-glycan branching and occurrence of an autoimmune
disease similar to human systemic lupus erythematosus (SLE). A mechanistic
analysis revealed that, under aM-II deficiency, an atypical exposure of cryptic V-
glycans (high mannose-containing ligands) occurs, which enables recognition by
mannose-binding lectins such as mannose receptor (MR). Because these particular
glycan epitopes are typically expressed by pathogenic bacteria, lack of aM-II
recapitulates bacterial infection leading to aberrant activation of innate immunity
and promotes development of an autoimmune disease similar to that observed in
mice lacking the MR (Marth and Grewal 2008).

Likewise, alterations in O-glycans can also promote initiation and perpetuation
of inflammation and autoimmune responses. Disruption of core-3 1,3-N-acetylglu-
cosaminyltransferase (B3GNT6; encoded by C3GNT gene), an enzyme responsible
for the synthesis of core-3-derived O-glycans, leads to aberrant exposure of naked
Tn antigen in colonic epithelium and development of inflammatory colitis and
colon adenocarcinoma, emphasizing the protective role of core-3-derived O-gly-
cans as essential components of intestinal mucins. Accordingly, mutations in the
molecular “chaperone” Cosmc, responsible for the correct folding of the core-1
B(1-3)-galactosyltransferase (T-synthase), generate a truncated O-glycan com-
posed of only GalNAc, which is the cause of the rare “Tn syndrome” characterized
by IgA nephropathy (Cummings and Pierce 2014; Rabinovich and Croci 2012).
These studies provided categorical evidence that alterations of N- and O-glycosyl-
ation pathways, either in experimental models or clinical settings, result in abnor-
mal activation of immune cell pathways and development of inflammatory
responses.
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Interestingly, differential glycosylation can also influence pathogenic or regula-
tory responses evoked by circulating immunoglobulins. Elegant studies demon-
strated that the anti-inflammatory activity of intravenous immunoglobulins
(IVIGs), commonly used for the treatment of autoimmune diseases, is triggered
by a minor population of I,G Fcs expressing a2,6-linked sialic acid. The authors
demonstrated that sialylated I,G targets myeloid regulatory cells expressing
DC-SIGN, which triggers IL-33-mediated Th2 responses and expansion of macro-
phages expressing the FcyRIIB inhibitory receptor. In contrast, agalactosyl and
asialoglycoforms of I,G have been linked to the pathogenesis of autoimmune
diseases, including rheumatoid arthritis and IgA nephropathy (van Kooyk and
Rabinovich 2008).

In this regard, recent studies highlighted the contribution of cell surface glyco-
sylation to cancer immunoediting. Glycan and glycan-binding proteins can influ-
ence the creation of immunosuppressive networks that thwart antitumor responses
and promote tumor growth and metastasis. Overexpression of the C2GnT1
glycosyltransferase on bladder cancer cells has been shown to modulate NK cell-
mediated tumor immunity. These effects were mainly due to the interactions
between galectin-3 and poly-LacNAc-branched core-2 O-glycans decorating
tumor-associated major histocompatibility complex class I-related chain A
(MICA) which reduces the affinity of MICA for the activating NK cell receptor
NKG2D, thereby impairing NK cell activation and antitumor activity. In this
regard, Siglec-7 and Siglec-9 ligands can confer susceptibility to NK cell-mediated
cytotoxicity. Thus, changes in the glycome occurring during tumor growth and
metastasis contribute to activate regulatory circuits that profoundly affect the
cancer immunoediting process (Rabinovich and Croci 2012). Moreover, recent
studies highlighted the critical role of glycans in mucosal immunity. Glycans
associated with MUC2 imprinted mucosal DCs with tolerogenic properties by
assembling a galectin-3-Dectin-1-FcyRIIB receptor complex that activates
[-catenin and contributes to inhibition of pro-inflammatory responses and genera-
tion of an immunosuppressive mucosal microenvironment (Shan et al. 2013). In
addition, recent studies demonstrated that nutrients can regulate transcription of
immune-related genes through dynamic cycling of O-linked N-acetylglucosamine
(O-GIcNAc) on nuclear factor-kB (NF-xB) transcription factor (Hart 2013).

As many of the functions of glycans are related to their lectin-binding activity, in
the next sections we will highlight biochemical and functional aspects of three
families of biochemically unrelated glycan-binding proteins (C-type lectins,
siglecs, and galectins) which play key roles in assembling and/or disarming
immune cell networks.

C-Type Lectins

Members of the C-type lectin receptor (CLR) superfamily play key roles in tailoring
innate and adaptive immune responses. This lectin family is divided into two
categories and subclassified into 17 subgroups (I-XVII). Of these, the most studied
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Fig. 1 Schematic representation of the structure of glycan-binding proteins (CLRs, siglecs, and
galectins) involved in immune cell homeostasis. (a) Most CLRs are glycan-binding receptors that
contain one or more carbohydrate recognition domains (CRDs). Selected members (MR,
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are the integral membrane CLRs belonging to the subgroups II, V, and VI that are
expressed prominently in monocytes, macrophages, dendritic cells (DCs), and
granulocytes. Type I CLRs contain an amino-terminal cysteine-rich repeat (S-S)
domain, a fibronectin type II repeat domain, followed by eight or ten carbohydrate
recognition domains (CRDs), which bind ligands in a Ca**-dependent manner.
These include the MR and DEC-205. Type II CLRs contain only one CRD at
their carboxy-terminal extracellular domain, and the recognition of the glycan can
be either Ca®* dependent or Ca®* independent. Macrophage galactose lectin
(MGL), Dectin-2, macrophage-inducible C-type lectin (Mincle), dendritic cell-
specific ICAM3-grabbing non-integrin (DC-SIGN), langerin, and dendritic cell
immunoreceptor (DCIR) belong to the type II group that displays a Ca**-dependent
glycan recognition. On the other hand, Dectin-1, C-type lectin receptor (CLEC)-1,
CLEC-2, and DC NK lectin group receptor-1 (DNGR-1, also known as CLEC9A)
are type II CLRs whose CRD binds glycans in a Ca®*-independent manner (Fig. 1).

In the CLR family, a Ca**-dependent CRD with a Glu-Pro-Asn (EPN) motif
confers specificity for mannose- or fucose-containing glycans (Lewis®*™Y). These
include DC-SIGN, MR, and langerin, whereas a GIn-Pro-Asp (QPD) motif is typical
of galactose-specific CRDs (e.g., MGL). In this way, some CLRs bind pathogen-
associated molecular patterns (PAMPs), others bind self or altered self ligands, and a
number of them can bind both motifs. In either case, myeloid CLRs recognize and
deliver antigens to intracellular compartments and trigger inflammatory or tolerogenic
signaling programs that tailor adaptive immunity (van Kooyk and Rabinovich 2008).

Evidence demonstrating the role of CLRs in immune tolerance came from
experiments in which glycosylated antigens targeted to DEC-205 on DCs induced
peripheral CD8" T-cell tolerance. Similarly, delivery of mannosylated myelin-
derived antigens suppressed experimental autoimmune encephalomyelitis (EAE)
by interfering with peripheral T-cell reactivity. Mannosylated antigens also stimu-
late the differentiation of IL-10-producing T regulatory type 1 (Trl) cells in
inflamed intestinal mucosa by SIGNR1* lamina propria DCs, a mouse homologue
of human DC-SIGN. Likewise, commensal flora glycoantigens promote the differ-
entiation of Trl cells with gut-homing specialization (Johnson et al. 2013). Also in
mice, DCIR binding inhibits DC activation suppressing spontaneous autoimmune
sialadenitis. In addition, macrophages and tolerogenic DCs express MGL that binds
to GalNAc-decorated CD45 and triggers the phosphatase activity of CD45 which in

<
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Fig. 1 (continued) DEC-205, DC-SIGN, MGL, langerin, Dectin-1, and DCIR) that play key roles
in innate regulatory programs are shown. (b) Siglecs are grouped into the most distantly interre-
lated members such as sialoadhesin (Sn; Siglec-1), CD22 (Siglec-2), and myelin-associated
glycoprotein (MAG; Siglec-4) and CD33-related siglecs that share sequence similarity. (c)
Galectins are subdivided into “prototype” galectins, which contain one carbohydrate recognition
domain (CRD) and can form homodimers; “tandem repeat” galectins, which contain two distinct
CRDs in tandem connected by a linker of up to 70 amino acids; and the unique “chimera-type”
galectin-3, which consists of unusual tandem repeats of proline- and glycine-rich short stretches
fused onto the CRD. The most relevant and well-established functions of different lectin families
are listed




602 A.G. Blidner et al.

turn leads to T-cell apoptosis and inhibition of pro-inflammatory cytokines (Sancho
and Reis e Sousa 2012; van Kooyk and Rabinovich 2008).

CLRs are also involved in the protective response against bacteria, viruses,
helminths, protozoa, and fungi, either by inducing an efficient immune response
and clearing of the pathogen or by suppressing an exuberant inflammatory
response. As a downside of the latter, many pathogens use CLRs as an immune
escape mechanism to subvert immune responses. For example, recognition of HIV
by DC-SIGN expressed on DCs facilitates viral entry and induces IL-10 production,
impairing T-cell proliferation. Furthermore, HIV gp120 accelerates DC apoptosis,
negatively affecting DC maturation and leading to limited pathogen recognition by
the immune system (van Kooyk and Rabinovich 2008).

Remarkably, malignant transformation generates abnormally glycosylated anti-
gens, including carcinoembryonic antigen (CEA), which are specifically recog-
nized and internalized by CLRs on DCs. Accordingly, tumor antigens that target
MGL or MR induce a protective antitumor response mediated by CD8" T cells. In
contrast, CLRs might be used as an evasion mechanism by tumors as tumor-
associated Lewis glycans expressed on CEA or CEA-related cell adhesion
molecule-1 (CEACAM-1) can result in impaired DC function and inhibition of
antitumor responses.

The subtle differences in glycan recognition and divergent immune responses
triggered by CLRs could be explained by their different signaling capacity, as
different CLRs possess different cytoplasmic domains. While some Syk-coupled
CLRs bear ITAM domains and inhibitory CLRs carry ITIM domains, other CLRs
have no clear ITAM or ITIM domains such as MR, DEC-205, and DC-SIGN. Thus,
an integrated picture has emerged in which the intensity of the transmitted signal
and the combination of CLRs activated by a given stimulus can synergize with,
antagonize, or simply modulate signals from other receptors, thereby tuning
responses to infection or tissue damage (Geijtenbeek and Gringhuis 2009).

Siglecs

Sialic acid-binding immunoglobulin-like lectins (siglecs) constitute a family of
15 human and 9 murine cell surface receptors that are primarily expressed by
cells of the immune system, with the exception of most T cells (Fig. 1). Structurally,
this family has an N-terminal Ig domain with a close sequence homology to Ig V
regions (a V-set domain) that binds sialic acid-containing ligands followed by 1-16
Ig domains. Siglecs are conventionally divided into two subsets: those that are
conserved structurally between rodents, humans, and other vertebrates and share
about 25-30 % identity, which includes sialoadhesin (Sn; Siglec-1), CD22 (Siglec-
2), myelin-associated glycoprotein (MAG; Siglec-4), Siglec-15, and the CD33-
related siglecs comprised by Siglec-3, Siglec-5, Siglec-6, Siglec-7, Siglec-8,
Siglec-9, Siglec-10, Siglec-11, and Siglec-14 in humans and Siglec-E, Siglec-F,
Siglec-G, and Siglec-H in mouse, which have high homology to CD33 in their
extracellular domains (50-85 % identity) (Fig. 1).
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The majority of siglecs are endocytic coreceptors capable of mediating cis and
trans interactions with sialylated glycans, whereas their key role is to assist immune
cells in sensing self in both innate and adaptive immune responses. Engagement of
most siglecs triggers inhibitory signals which maintain immune cell homeostasis
and temper inflammation. To this end, siglecs bear ITIM and ITIM-like motifs in
their cytoplasmic tails. Thus, it is not surprising that some pathogens and tumors
shield themselves with sialic acid to downregulate immune response via siglec-
dependent mechanisms (Pillai et al. 2012).

Many siglecs are expressed in a cell type-specific manner. For example, Sn is
mainly expressed by macrophages, CD22 and Siglec-10 (Siglec-G in mice) by B
cells, Siglec-8 and Siglec-F by eosinophils, and Siglec-5 and Siglec-H are
expressed on pDCs. Both CD22 and Siglec-G mediate B-cell tolerance induced
by sialylated self-associated antigens, and their absence induces autoimmune glo-
merulonephritis because of breakdown of B-cell tolerance in mice. Moreover,
engagement of CD22 with sialylated IVIGs induces inhibition of BCR signaling
and promotion of B-cell apoptosis. Furthermore, Siglec-F modulates eosinophil
apoptosis, and allergen-challenged Siglec-F-deficient mice show increased lung
eosinophil infiltration. Similarly, Siglec-G selectively controls expansion and sur-
vival of B1 cells, and Siglec-H controls the ability of plasmacytoid DCs to generate
CD4™ effector T cells and CD4 Foxp3* Treg cells. Thus, siglecs are sialic acid-
binding proteins that modulate signaling pathways in B cells and innate immune
cells (Paulson et al. 2012).

Galectins

While CLRs and siglecs are cell surface-associated carbohydrate-binding proteins
connected to the cell signaling machinery, galectins are soluble B-galactoside-
binding lectins that are present in the nucleus, cytoplasm, and extracellular com-
partment. These glycan-binding proteins can exert their functions either inside or
outside the cells. The molecular architecture of galectins allows their classification
into three groups: (a) “prototype” galectins (galectin-1, galectin-2, galectin-5,
galectin-7, galectin-10, galectin-11, galectin-13, galectin-14, and galectin-15)
which share one carbohydrate recognition domain (CRD) that can dimerize;
(b) the “tandem repeat” subgroup (galectin-4, galectin-6, galectin-8, galectin-9,
and galectin-12) whose members contain two homologous CRDs in tandem in a
single polypeptide chain; and (c) the “chimera-type” lectin, galectin-3, which
contains one CRD connected to a non-lectin N-terminal region that is responsible
for oligomerization (Fig. 1).

Galectins recognize specific carbohydrate structures decorating cell surface or
extracellular matrix glycoproteins. The minimal structure recognized by galectins
is the disaccharide N-acetyllactosamine (LacNAc) that is attached to polypeptides
either as an N-glycan or an O-glycan branching structure and is usually present in
multiple units. Although galectins typically recognize this common ligand, they
have different glycan-binding preferences, which could explain differences in their
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biological activity. To illustrate this concept, galectin-1 preferentially binds to
complex N-glycans and nonreducing terminal N-acetyllactosamine, while
sialylation of terminal N-acetyllactosamine in a2-6 position abrogates galectin-1
binding. On the other hand, galectin-3 does bind to a2,6-linked sialic acid as a result
of internal LacNAc recognition, while galectin-12 binds weakly to lactose but
recognizes fucosylated and sialylated structures. On the other hand, galectin-4
can recognize sulfatides, and galectin-10 binds with higher affinity to mannose
than to LacNAc saccharides. While some members of the galectin family (such as
galectin-1 and galectin-3) have broad tissue distribution, others have a more
restricted localization (e.g., galectin-7 is preferentially expressed in stratified epi-
thelia, galectin-12 is abundant in adipose tissue, and galectin-10 is mainly
expressed in eosinophils and Treg cells). These glycan-binding proteins are
involved in several cellular processes that control the balance between immune
cell activation and tolerance such as proliferation, differentiation, trafficking,
cytokine secretion, and apoptosis (Rabinovich and Croci 2012).

Galectins play key roles during thymocyte development. Galectin-1, galectin-3,
and galectin-9 recognize a set of cell surface glycoprotein receptors in double-
negative and double-positive thymocytes, leading to different intracellular signals
that modulate positive and negative selection. For example, galectin-1 induces
rapid and transient activation of extracellular signal regulated kinase (ERK) in
developing thymocytes thus promoting negative selection, whereas it antagonizes
positive selection by inhibiting sustained ERK activation. On the other hand,
galectin-1 and galectin-10 have emerged as markers of human natural Tregs
(nTregs). Targeted inhibition of galectin-1 or galectin-10 in human nTregs reverses
their anergic state and counteracts their suppressive function.

Galectins can also modulate T-cell differentiation. Galectin-1, galectin-2, and
galectin-9 suppress Th1l and Th17 cytokine production and promote polarization
toward Th2 and Treg cell phenotypes. Galectin-9 binds to the Tim-3 inhibitory
receptor, which controls Thl cell fate and contributes to suppression of immune
responses. Recent studies showed that myeloid-derived suppressor cells (MDSCs)
can control T-cell responses through galectin-9-Tim-3 interactions. Interestingly, T
helper subsets express a distinct repertoire of cell surface glycans (particularly
differential sialylation of cell surface glycoproteins) which contributes to selec-
tively regulate their viability. In addition, galectin-1 promotes the differentiation of
IL-27-producing DCs, which in turn contribute to the generation of IL-10-produc-
ing T regulatory type 1 (Trl) cells. Moreover, this lectin deactivates microglia cells
through interaction with CD45 O-glycans, retention of this glycoprotein on the cell
surface, and modulation of the phosphatase activity of this glycoprotein (Mendez-
Huergo et al. 2014).

Galectins can also modulate the viability of T cells. Extracellularly, galectin-1
binds and cross-links a preferred set of glycosylated receptors and triggers signal-
ing pathways that control apoptosis through caspase-dependent or caspase-
independent mechanisms. Intracellularly, this lectin acts by interfering with
other apoptotic signaling pathways. Although previous assumptions suggested
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that galectins had redundant roles for inducing common cell death pathways,
evidence indicating that each galectin binds to a specific set of glycoproteins and
triggers distinct apoptotic profiles is increasing. In this sense, galectin-1 binds and
clusters CD45, CD43, and CD7 to induce apoptosis of immature thymocyte and
activated T cells. However, galectin-3 influences T-cell survival through binding
to CD45, CD71, and CD29 (Clark and Baum 2012). Also, galectin-1 can sensitize
T cells to the canonical Fas-mediated death pathway, whereas intracellular
galectin-3 has been reported to interfere with Fas signaling by inhibiting cyto-
chrome c release from the mitochondria. On the other hand, galectin-1 controls
B-cell apoptosis through caspase-8-dependent mechanisms as galectin-1-deficient
plasma cells are much more susceptible to apoptosis. However, other studies
suggested that galectins do not elicit a full apoptotic program, but instead favor
the exposure of phosphatidylserine residues without inducing T-cell apoptosis
(Rabinovich and Croci 2012).

Through modulation of different immune cell pathways, galectins have emerged
as central regulators of inflammatory responses. Galectin-3 acts as a threat-
associated molecular pattern that mediates pathogen recognition, phagocytosis,
chemoattraction, and cytokine production (Chen et al. 2014; Sato et al. 2009). On
the other hand, galectin-4 and galectin-8 are endowed with potent bactericidal
activity, and galectin-1 contributes to resolution of inflammation by favoring a
macrophage pro-resolving phenotype. Interestingly, expression of galectin-1 is
upregulated during first trimester human and mouse pregnancies and plays a pivotal
role in maintaining tolerance at the feto-maternal interface. Because of their
immunoregulatory activity, galectins have been proposed to control exuberant
inflammation during the course of autoimmune responses. Galectin-1, galectin-2,
and galectin-9 showed a protective role in autoimmune models of arthritis, hepa-
titis, encephalomyelitis, uveitis, and inflammatory bowel disease through their
ability to dampen Th1 and Th17 pathogenic responses and promoting the expansion
of Treg cells. On the other hand, galectin-3 and galectin-4 demonstrated
pro-inflammatory activity in Con A-induced hepatitis, diabetes, and EAE.
Recently, a unique set of cell surface glycans has been identified through the
binding of galectin-4 in local memory CD4" T cells during intestinal inflammation.
Thus, some members of the galectin family can display pro-inflammatory activity,
while other members contribute to the resolution of inflammatory diseases
(Mendez-Huergo et al. 2014).

Expression of galectins is often dysregulated in the tumor microenvironment and
greatly influences tumor immunity by inducing apoptosis of effector T cells,
facilitating anergy of CD8* T cells, promoting the differentiation of tolerogenic
DCs, and favoring the expansion of Th2 and FoxP3" Treg cells in tumors such as
melanoma, Hodgkin’s lymphoma, lung carcinoma, and neuroblastoma. However,
galectins may also contribute to tumor growth and metastasis through alternative
mechanisms including the modulation of cell migration, adhesion, and angiogene-
sis. Recently, galectin-1 and N-glycans decorating the surface of endothelial cells
have been reported as molecular links that connect vascular to immune signaling
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programs and preserve angiogenesis in tumors refractory to anti-vascular endothe-
lial growth factor (VEGF) treatment (Croci et al. 2014). Thus, galectins have
emerged as immunoregulatory and angioregulatory proteins that play their central
roles in tumor microenvironments (Rabinovich and Croci 2012).

Conclusions

The field of immunoglycobiology is just beginning to find firm grounding as a field
through the emergence of more accessible carbohydrate analytical tools, the gen-
eration of mice deficient in components of the glycosylation machinery, and the
creation of more rational paradigms to analyze the information encoded by the
cellular glycome (Angata et al. 2012; Cummings and Pierce 2014). This brief
chapter aims to highlight some of the best characterized areas of glycan-focused
immunology and emphasizes the role of carbohydrates as integral components of
all immunological pathways. Understanding the information encrypted in glycan
structures and decoded by endogenous lectins will aid to the design of more rational
therapeutic strategies in immune-related disorders.
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