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The immune system is coordinated by an intricate network of stimulatory and inhibitory circuits that regulate host responses
against endogenous and exogenous insults. Disruption of these safeguard and homeostatic mechanisms can lead to unpredictable
inflammatory and autoimmune responses, whereas deficiency of immune stimulatory pathways may orchestrate
immunosuppressive programs that contribute to perpetuate chronic infections, but also influence cancer development and
progression. Glycans have emerged as essential components of homeostatic circuits, acting as fine-tuners of immunological
responses and potential molecular targets for manipulation of immune tolerance and activation in a wide range of pathologic
settings. Cell surface glycans, present in cells, tissues and the extracellular matrix, have been proposed to serve as “self-associated
molecular patterns” that store structurally relevant biological data. The responsibility of deciphering this information relies on
different families of glycan-binding proteins (including galectins, siglecs and C-type lectins) which, upon recognition of specific
carbohydrate structures, can recalibrate the magnitude, nature and fate of immune responses. This process is tightly regulated by
the diversity of glycan structures and the establishment of multivalent interactions on cell surface receptors and the extracellular
matrix. Here we review the spatiotemporal regulation of selected glycan-modifying processes including mannosylation, complex N-
glycan branching, core 2 O-glycan elongation, LacNAc extension, as well as terminal sialylation and fucosylation. Moreover, we
illustrate examples that highlight the contribution of these processes to the control of immune responses and their integration with
canonical tolerogenic pathways. Finally, we discuss the power of glycans and glycan-binding proteins as a source of
immunomodulatory signals that could be leveraged for the treatment of autoimmune inflammation and chronic infection.
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INTRODUCTION
The immune system is composed of a network of stimulatory and
inhibitory circuits that protects our body from foreign threats or
endogenous insults while avoiding immune pathology and
destruction of host tissue. Disruption of these molecular
checkpoints may lead to a breakdown of self-tolerance and thus
to unpredictable inflammatory and autoimmune conditions [1].
On the other hand, interruption of the immune stimulatory
pathways may also promote malignancy and sustain chronic
infection [1].
Glycans cover all cells and the extracellular matrix with which

they interact, serving as major molecular determinants of the fate
and function of the immune system. The diversity of glycan
structures that emerges at a cell surface stores a tremendous
amount of biological information that can be deciphered, at least
in part, by glycan-binding proteins (GBPs), including C-type lectins,
siglecs and galectins [1]. Multivalent interactions established
between lectins and glycans, often called “lattices”, create a
spatial interface that integrates the immunological landscape and

controls a wide variety of immunopathologic processes, including
infection, fibrosis, autoimmunity and cancer [2].
Protein glycosylation is regarded as one of the most common

posttranslational modifications of proteins and lipids that, besides
providing structural diversity, plays critical roles as specific
recognition determinants involved in the communication
between cells and the microenvironment, such as the immune
system. Immune and stromal cells are equipped with a variety of
GBPs devoted to sense and decode the diversity of the cellular
glycome. This complementary network of glycans and GBPs are
key for pathogen recognition and influence the control of
inflammatory and autoreactive responses. Changes in the cellular
glycome, occurring in response to genetic and environmental
cues, including cytokines, nutrients and hypoxia, are exquisitely
sensed by cell surface or soluble GBPs and eventually linked with
acquisition of pathologic phenotypes [1, 3–7]. Microorganisms are
also covered with glycan-containing molecules, such as bacterial
lipopolysaccharides, peptidoglycans, capsular polysaccharides or
fungal mannans, among others, which function as pathogen-
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associated molecular patterns (PAMPs) that are sensed and
recognized by GBPs to control infection. The recognition of these
glycosylated microbial antigens by the immune system has been
exploited for vaccine development [8]. In fact, this microbial
glycan-targeting approach has already led to the development of
vaccines against type b Haemophilus influenzae, Streptococcus
pneumonia and Neisseria meningitidis, as well as others still under
research, such as HIV-1, Dengue and Hepatitis C viruses [9].
A remarkable structural variation of glycans occurs in nature,

which contributes to biological diversity and consequently to the
speciation [10]. Each cell type in individual organisms expresses a
distinct array of glycans (a unique glycan signature) that
constitutes the “identity card” of a given cell, tissue or organism
under defined conditions, and these glycan patterns tend to be
conserved within the same species. However, and despite the
conservation of genes associated with the glycosylation machin-
ery, there are significant intra- and interspecies variations in
glycosylation patterns [10, 11], that place glycans as fundamental
molecular pieces for discrimination between self and non-self [1].
The similarity between glycan structures present in host cells and
microbes underlies the concept of glycan mimicry [1] and
highlights the role of these macromolecules as essential
determinants of host-parasite communication. Microorganisms
can engage in glycan mimicry to hijack host responses, thus
evading immune reactions by decorating themselves with glycans
typically found in their hosts, which allow them to establish active
infections. Nevertheless, glycan mimicry may also underlie the
failure of the immune system to discriminate between self and
non-self, an effect that is associated with inadvertent autoreactive
responses and autoimmune pathology.
In this review, we will focus on common immune tolerance and

homeostatic programs coordinated by glycans and GBPs that
control infection and promote resolution of autoimmune and
chronic inflammatory processes (Fig. 1).

Protein glycosylation: structural and functional perspective
Protein glycosylation is a fundamental posttranslational modifica-
tion that controls essential physiologic processes in cells, tissues
and organisms. Most proteins that evolved following appearance
of multicellular life are glycosylated, and altered glycosylation is
evident in virtually all human diseases [12]. The diverse and
complex repertoire of glycans attached to proteins and lipids,
collectively termed “the glycome”, guides specific biological
processes including protein folding and activity; intra- and
intercellular communication, cell developmental processes, and
play central roles in host-pathogen interaction and immune
system communication [3, 13–15]. The mammalian glycome
repertoire is estimated to involve thousands of glycans synthe-
sized by cells and coordinated in diverse structures [3]. Glycan
diversity arises from differences in monosaccharide composition
(Gal, GalNAc, etc.), linkage between monosaccharide (1–3, 1–4,
etc), anomeric state (α versus β), branching structures, other
substitutions (fucosylation, sialylation, sulfation, etc.) and linkage
to their aglycone part (protein or lipid) [11, 16, 17]. This diversity is
excelled by a variety of glycan-binding proteins (GBPs) or lectins,
including galectins, siglecs and C-type-lectins, mostly expressed
by immune cells, providing the basis for deciphering the massive
amount of biological information composing the so-called “sugar
code” [18]. Understanding the basic principles of protein
glycosylation is therefore of utmost importance to basic biology
and medicine.
The glycosylation machinery, located in the ER and Golgi

compartments, is responsible for assembling glycans diversity
through the synchronized action of a portfolio of different glycan-
modifying enzymes, including glycosyltransferases and glycosi-
dases. The nature and extent of glycosylation depends essentially
on the presence of N- or O-linked sites in the protein backbone, as

well as on the relative abundance of sugar-nucleotide donors and
the activity of the glycosyltransferases and glycosidases [19].
N-linked glycoproteins are one of the most common forms of

protein glycosylation, with up to 90% of glycoproteins being N-
glycosylated [19]. N-glycans are covalently attached to proteins
through an amide linkage to the Asparagine (Asn) (N) side chain in
the consensus sequence Asn-X-Serine/Threonine, where X is any
amino acid except of Proline. The repertoire of N-glycans includes
an extensive array of mature, complex N-glycans comprising sugar
additions to the N-glycan core, elongation of branching GlcNAc
residues by sugar additions of e–g. Galβ1-4GlcNAc (LacNAc)
extension, and capping or decoration of elongated branches with
e.g. sialic acid or fucose. N-glycans are essential in cellular
development and homeostasis, as highlighted by the fact that
perturbations in their biosynthesis, such as the elimination of the
Mgat1gene (preventing the synthesis of complex and hybrid N-
glycans) in mice results in death during embryonic development.
Complex N-glycans are important in controlling retention of
growth factor and cytokine receptors at the cell surface [20],
through interactions with GBPs such as galectins. Deletion of
genes encoding sialyltransferases, fucosyltransferases, or branch-
ing N-acetylglucosaminyltranferases that interfere with synthesis
of mature N-glycans has generally produced viable mice with
immunopathology, neuropathology, emphysema, cancer or
inflammation [4, 19, 21–25].
Synthesis of O-linked glycoproteins involves another type of

protein glycosylation that is mainly represented by mucins. In O-
linked glycoproteins, the addition of carbohydrates, initiated by
GalNAc, occurs in serine or threonine residues of a protein. The
functions of O-glycans depend on their structure, density, as well
as on the protein to which they are attached. Cell lines engineered
to express altered O-glycans, as well as mice with targeted
mutations, have revealed the many functions of O-GalNAc
glycosylation. As an example, a variety of phenotypes have been
observed in mice lacking core 1 O-glycans in specific tissues
including spontaneous colitis, thrombocytopenia, defective lym-
phocyte homing or alterations in podocyte and renal function,
among others [26, 27]. Mice devoid of core 1 and core 2 O-glycans
specifically in intestinal epithelial cells develop spontaneous
inflammation, thus illustrating the critical role of O-glycans in
gut immunity [19, 25, 28].
Essentially, the biological functions of glycans are associated to

three main roles: (a) structural (protein folding, activity and
extracellular scaffolds); (b) energy metabolism (serving as a carbon
source essential for host-pathogen interactions); and (c) informa-
tion carriers, that facilitate the communication with the immune
system through GBPs. Given the pivotal role of glycans in almost
every aspect of cell biology, it is clear that changes in glycan
profiles may have a substantial impact in mechanisms of disease
pathogenesis, including those operating in infection, chronic
inflammation, autoimmunity, and cancer. Moreover, a compelling
body of evidence highlights the tremendous potential of glycans
and GBPs as valuable diagnostic, predictive and prognostic
biomarkers in several clinical applications, some of which will be
discussed below.

Glycans and GBPs as safeguard mechanisms that synchronize
immune tolerance pathways
The diverse repertoire of glycans present on the surface of
immune cells can be decoded by a set of GBPs and translated into
critical immunological responses [13, 29], including: regulation of
peptide-loaded major histocompatibility complexes (MHC)
[30, 31]; reorganization of T-cell receptor (TCR) and B-cell receptor
(BCR) complexes and function [32]; modulation of receptor
clustering, stability, endocytosis and signaling [20, 33]; control of
immunoglobulins effector functions [34–36]; and activation of
danger-associated molecular patterns (DAMPs) and PAMPs
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[1, 5, 11] crucial for the discrimination between “self” and “non-
self”.
Multivalent interactions between glycans and GBPs have been

proposed to act as an essential regulatory hub leading to a plenty
of immune-regulatory functions that are vital for immune
tolerance. Within the immune system, various classes of GBPs
either expressed on immune cells or secreted to the extracellular
milieu, are dedicated to recognize specific glycans structures and
convey their information into immune-regulatory functions
including leukocyte trafficking; pathogen recognition; immune
activation, differentiation, and survival [5, 37, 38]. To illustrate this
concept, we introduce here the three main lectin families
implicated in immune regulation C-type lectins, galectins and
siglecs (Fig. 2).
The C-type lectin receptors (CLRs) are calcium-dependent GBPs

expressed on the surface of many immune cell types, mainly
macrophages and dendritic cells (DCs) that predominantly
recognize mannose, fucose, N-acetylgalactosamine (GalNAc) or
N-acetylglucosamine (GlcNAc)-containing glycoconjugates [37,
39]. The complexity, spatiotemporal regulation and presentation
of glycan epitopes, either monovalent or multivalent, is crucial for

selective binding and function of C-type lectins [40]. These include
the mannose receptor (MR); DC-specific intercellular adhesion
molecule-3-grabbing nonintegrin (DC-SIGN); macrophage
galactose-specific lectin (MGL) and langerin [37]. These CLRs can
bind to microbial glycans or to altered self-ligands, resulting in cell
signaling events that control innate and adaptive immune
responses. For example, DC-SIGN can recognize high-mannose
glycans and Lewis-type antigens (commonly found in bacteria,
fungi and viruses but also in host cells), followed by its
internalization and presentation of specific peptides to T cells in
the context of MHC II [41, 42].
Galectins are a family of evolutionary conserved soluble GBPs

that display a variety of regulatory functions on innate and
adaptive immunity, mainly by interacting with cell surface
glycosylated ligands [6]. Within the immune system, galectins
are expressed by virtually all immune cells, being significantly
upregulated by activated B and T cells, inflammatory macro-
phages, decidual natural killer (NK) cells and regulatory T (Treg)
cells [5, 43]. Once released through a non-classical ER-Golgi-
independent secretory pathway, galectins bind specifically to the
disaccharide N-acetyllactosamine (LacNAc) structure, presented as
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Fig. 1 Representation of immune networks mediated by glycans and glycan-binding proteins in autoimmunity and/or chronic inflammation.
(1) Environmental triggers, such as microbial infections or the inflammatory microenvironment, may be associated with changes in the cellular
glycosylation profile imposed by alterations in the transcription of glycogenes (such as MGAT1, MAN2A1 and ST6GAL1). Changes in cellular
glycome result in abnormal exposure of altered glycan structures at the cell surface that can be sensed and recognized by specific glycan-
binding proteins (GBPs), activating or silencing inflammatory pathways. (2) Decreased levels of galectin-1 and galectin-3 were observed in the
context of autoimmune diseases, such as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE). The deficiency of these two GBPs
together with changes in the cellular glycosylation profile contribute to perturb the homeostatic glycan-GBP hub, leading to the loss of
regulatory/tolerance mechanisms and the consequent activation of pro-inflammatory responses. (3–4) The increased exposure of less
complex glycans, such mannose-enriched glycans (3), observed in some autoimmune diseases, is associated with increased recognition by
innate immune cells through C-type lectins, such as DC-SIGN, activating immunological pathways and favoring autoimmune pathology (4)
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Fig. 2 Glycan-binding proteins: main localization and glycans recognition. C-type lectins (A) are expressed by a variety of cells and recognize a
repertoire of sugar structures associated with either stimulatory or inhibitory responses. Galectins (B) are soluble GBPs, which can establish
multivalent interactions with glycosylated receptors containing β-galactoside sugars on the surface of multiple cell types. Additionally, siglecs
(C) are cell surface immune receptors capable of recognizing sialic acid structures
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multiple units (poly-LacNAc) in complex branched N-glycans and
core 2 O-glycans expressed on cell surface glycoconjugates. These
GBPs often form multivalent galectin-glycan complexes on the cell
surface—often termed lattices—that play critical roles in endocy-
tosis, segregation and signaling thresholds of glycosylated
receptors. A remarkable example of the function of galectins in
immunity involves their ability to control the fate and signaling of
T cells. The expression of complex branched N-glycans on the TCR,
catalyzed by the N-acetylglucosaminyltransferase-V enzyme (GnT-
V; encoded by the MGAT5 gene) facilitates the elongation with
poly-LacNAc structures, which are high-affinity glycosylated
ligands for galectins, including galectin-3. Multivalent galectin-3-
N-glycan interactions result in the formation of cell surface lattices
that prevent TCR clustering, increasing the threshold for T-cell
activation [32]. Dysregulation of TCR signaling through disruption
of complex branched N-glycans has significant implications in
inflammatory and autoimmune diseases, including autoimmune
neuroinflammation and inflammatory bowel disease (IBD; as
discussed in detail below). During the activation of homeostatic
programs and restoration of immune tolerance, sustained TCR
signaling induces upregulation of the Mgat5 gene leading to GnT-
V-mediated glycosylation of the TCR. This phenotype promotes
growth arrest of T cells through mechanisms involving an early
increase of T-cell activation thresholds which limits TCR clustering
via formation of galectin-glycan lattices at sites of immune
synapse and, a subsequent increase, at later stages, of cell surface
retention of growth inhibitory receptors such as cytotoxic T
lymphocyte antigen-4 (CTLA-4) that contributes to T-cell inhibitory
activity and activation of homeostatic/tolerogenic pathways [20].
Dysregulation of GnT-V-driven regulatory circuits leads to T-cell
hyperactivity and susceptibility to autoimmune diseases, including
multiple sclerosis. Furthermore, galectins can also regulate the
viability of Th1 and Th17 cell subsets through differential
glycosylation of these cells. Evidence demonstrated that Th1-
and Th17-differentiated cells express all the glycan profile needed
for galectin-1 binding and induction of cell death; however, Th2
cells are protected from galectin-1-induced cell death through
differential α2,6-sialylation of cell surface glycoproteins, which
prevents galectin-1 recognition and binding [44]. Accordingly,
administration of recombinant galectin-1 suppresses chronic
inflammation in different models, including experimental auto-
immune encephalomyelitis (EAE), collagen-induced arthritis (CIA)
and TNBS-induced colitis, by skewing the balance of the immune
response towards a Th2-predominant cytokine profile [45]. The
regulatory power of GBPs is not limited to T cells, having also a key
role in B-cell development and maturation in which stromal cell
derived-galectin-1 may serve as a ligand for pre-BCR signaling [46].
In this regard, recent evidence highlights the critical role of
galectin-9 in setting the threshold of B-cell activation, by
regulating the interactions between the BCR and Toll-like
receptors (TLRs); loss of this regulatory network was associated
with development of autoimmunity [47]. Similar to T cells, GnT-V-
mediated N-glycan branching has also been shown to promote
positive selection of B cells by increasing pre-BCR/BCR signaling
via CD19 surface retention. Branching deficiency reduced surface
expression of the pre-BCR/BCR co-receptor CD19 and promoted
spontaneous death of pre-B cells and immature B cells in vitro
[48]. Additionally, galectins can also shape the myeloid cell
compartment. Whereas galectin-1 favors induction of IL-27-
producing tolerogenic dendritic cells and promotes induction of
M2-type macrophages and microglia, galectin-9 induces the
expansion of myeloid-derived suppressor cells [49–51]. Thus,
galectin-glycan interactions can reprogram the fate and function
of lymphoid and myeloid cells by activating diverse tolerogenic
pathways. However, in spite of this evidence, galectins may also
play pro-inflammatory roles in a variety of pathologic contexts
[52]. To illustrate this concept, galectin-1 has been shown to
function as a danger-associated molecular partner (DAMP) or

alarmin that amplifies the inflammatory response during sepsis
[53]. Moreover, galectin-3 has shown broad pro-inflammatory
activities by modulating survival, differentiation, recruitment and
effector functions of neutrophils, mast cells, macrophages and
T cells [54, 55]. Additionally, galectin-4 can sustain signaling of
pro-inflammatory cytokines including IL-6 during intestinal
inflammation [56]. Thus, the synchronized action of different
members of the galectin family providing either anti- or pro-
inflammatory signals at early or late stages of immune responses
may contribute to orchestrate the inflammation cascade of
different pathophysiologic settings. Furthermore, in addition to
their extracellular functions, galectins may also exert intracellular
functions during ongoing inflammatory responses [57]. In fact, in
response to a variety of challenges, intracellular galectins,
including galectin-3 and -8 can accumulate and bind to host
glycans displayed on damaged endocytic vesicles and trigger
intracellular defense mechanisms, such as autophagy [58–60].
Moreover, galectins can also act as key intracellular effectors of
immune cell apoptosis, cell cycle regulation, cell signaling and pre-
mRNA splicing [60], suggesting that this highly conserved GBPs
may influence immune cell homeostasis through both extracel-
lular and intracellular mechanisms.
Siglecs (sialic acid-binding immunoglobulin-like lectins) are a

family of transmembrane proteins with variable numbers of
immunoglobulin domains that are widely expressed in neutro-
phils, monocytes, B cells, DCs, NK cells, eosinophils and basophils
and are barely detected in T cells [37, 38, 61]. These GBPs
specifically recognize sialic-acid-containing glycans expressed on
cell surface receptors linked to immunoregulatory sequences
(either immunoreceptor tyrosine-based inhibitory motifs or
immunoreceptor tyrosine-based activation motifs) [61]. Siglec-1
(sialoadhesin or CD169) is a major receptor expressed on
macrophages which plays a key role in both self-and pathogen
recognition. Relevant human pathogens, such as Campylobacter
jejuni, Escherichia coli, H. influenza, Neisseria meningitides, group B
Streptococcus, among others, express sialic acid-containing glyco-
conjugates that are recognized by Siglec-1 on macrophages as a
mechanism to control phagocytosis, clearance and antigenic
presentation of pathogenic bacteria [62]. Siglec-2 (also known as
CD22) is mostly expressed on B cells, modulating B-cell receptor
(BCR) signaling, and also dendritic cells [61]. Siglec-2 tends to
recognize sialic acid ligands generated by α2,6-sialyltransferase 1
(ST6GAL1) in neighboring CD22 molecules, forming homotypic
multimers in cis that preclude the interaction of CD22 with BCR in
trans, an effect associated with changes in the threshold of B-cell
activation. Loss of CD22 sialylated ligands (due to ST6GAL1
deficiency) leads to endocytosis of BCR and decreased BCR
activation [63]. Interestingly, Siglec E has also been shown to play
an important inhibitory role in host-pathogen interactions. As an
example, the Group B Streptococcus (GBS) surface capsule
containing sialic acids engage Siglec E on leukocytes to blunt
NF-κB and MAPK activation.It was demonstrated that upon GBS
infection, Siglec-E−/− macrophages displayed increased pro-
inflammatory cytokine secretion, phagocytic rate and bactericidal
activity against pathogens [64]. Also, human Siglec-9 was shown
to bind high molecular weight hyaluronan (HMW-HA), a glycan
that is present in the capsule of pathogen group A Streptococcus.
This was found to subsequently limit neutrophil extracellular trap
(NET) formation, oxidative burst, and apoptosis [65]. This sialic
acid-siglec mimicry effect that characterizes some host-parasite
relationships constitutes a way of influencing host innate immune
responses and shaping the course of infection.
In antibody-mediated immune response, the glycan-GBPs hub

also plays an important role. Immunoglobulins and most of
components of the complement system are highly glycosylated.
IgG antibodies are the predominant antibody class in tissues and
circulation, being key effectors of the humoral immune response
by triggering leukocyte activation and inflammation. All IgG Fc
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domains contain a single, highly conserved, glycosylation site in
Asn297 that carries complex N-glycans. Over 30 different glycan
variations were detected on circulating IgG in healthy individuals,
which reflects a significant heterogeneity in the IgG Fc glycome
[34]. In fact, the type of glycans attached to the Fc region of IgG
regulates binding to Fc gamma receptors (FcγRs), instructing
either a pro- or an anti-inflammatory response. As an example,
terminal sialylation of Fc glycans modulates FcγR binding. The
presence of α2,6-linked sialic acid on Fc glycans significantly
reduced FcγR affinity being associated with anti-inflammatory
activity. Strikingly, glycoengineering of intravenous immunoglo-
bulins (IVIgs) leading to increased Fc sialylation resulted in a 100-
fold increase of their anti-inflammatory activity in a mouse model
of arthritis [66]. The anti-inflammatory properties of IgG Fc
sialylated N-glycans were found to be mediated by enhanced
binding of sialylated IgG to DC-SIGN, triggering the expression
of immunosuppressive cytokines [67], although other studies
demonstrated anti-inflammatory effects of IVIgs that were
independent of sialylation and DC-SIGN expression [68]. On
the other hand, IgG Fc hypergalactosylation has been consis-
tently described to display enhanced anti-inflammatory activities
and mouse studies suggested that Fc galactosylation promotes
the association between FcγRIIb and the C-type lectin receptor
Dectin-1 as well as galectin-3 which in turns inhibits C5a-
mediated inflammatory responses [69, 70]. Conversely, agalac-
tosylated IgG Fc has been associated with pro-inflammatory
activity in many autoimmune diseases including IBD [71] and
infectious processes such as COVID-19 [36]. Terminal agalacto-
sylation on IgG1, observed in patients with rheumatoid arthritis,
has been demonstrated to appear in the circulation preceding
the disease onset [72, 73]. The pro-inflammatory effects of
agalactosylated IgG Fc was associated with its binding to the
mannose-binding lectin MBL, allowing activation of the lectin
complement pathway [74].
Interestingly, another example that supports the relevance of

glycosylation in immunoglobulin biology relates to IgE.This
immunoglobulin s essential for initiation of allergic reactions
being the least prevalent immunoglobulin in circulation. Results
showed that genetic abrogation of oligomannose glycans in IgE Fc
impact on IgE secondary structure, impairing the binding to FcεRI
and consequently hampering IgE-driven mast cell degranulation,
thus preventing anaphylaxis [75]. This biological impact of IgE
glycosylation was also demonstrated in vivo. IgE lacking N384
glycans were unable to initiate immediate anaphylaxis in a passive
cutaneous anaphylaxis mouse model [75].
Taken together, the glycan-GBPs hub provides a new layer of

immune regulation that governs both innate and adaptive
immune responses. Changes in glycosylation are often a hallmark
of the transition from normal to inflammatory states, and the
glycan-GBPs hub is a master tuner of this transition, providing new
opportunities for diagnostic and therapeutic interventions based
on the underlying glycobiology [76].

Glycans and GBP in infection: from viruses to bacteria, fungi
and parasites
Host-pathogen interactions involve a sequential number of
events, involving diverse cellular and molecular interactions,
including those mediated by glycans and GBPs [77]. Differently
from pathogen template-driven epitopes (such as proteins and
DNA), microbial glycans constitute one of the most immediate
pathways of self/non-self discrimination [1]. However, the specific
mechanisms that control interactions between the pathogen’s
glycome and the host-derived GBPs have not been fully
elucidated. In this regard, the host immune system is equipped
with a myriad of GBPs capable of identifying a pathogen that is
mounting an innate or adaptive immune response. Accordingly,
glycans have been proposed to control the balance between
commensal and pathogenic microbial populations and have been

shown to be key determinants in the establishment of acute or
chronic infections [1, 78].
As eukaryotic cells, fungi are well equipped with components of

the ER and Golgi glycosylation machinery, resulting in an N-
glycome with structures that are similar to those found in
mammalian cells. Fungi N-glycosylation is often restricted to
high-mannose type glycans with extensive elongation with α-1,6-
linked mannose, mannan (linear β1–4-linked mannose) and β-
glucan (linear β1–4- and β1–3-linked glucose). O-glycans are also
abundant in the fungal cell wall, specifically Ser/Thr-linked O-
mannose glycans. This type of glycosylation is mediated by
protein O-mannosyltransferases (PMTs), homologous to mamma-
lian POMTs. Fungal O-glycans are mostly involved in adhesion
processes, whereas N-glycans play a major role in host recognition
[1, 79–81]. The specific glycan structures expressed in fungi are
recognized by host GBPs such as DC-SIGN, MR, Dectin-1 and -2,
and galectins [82, 83], that contribute to tailor innate and adaptive
immune responses. To illustrate this concept, during Candida
albicans infection, DC-SIGN-mediated glycan recognition leads to
the activation of TLR signaling on human DCs, resulting in
elevated IL-10 production [84]. On the other hand, fungal-derived
mannosylated glycans can induce a pro-inflammatory response
through its recognition by MR expressed on macrophages, leading
to development of Th17 responses [85].
Dectin-1 and 2, transmembrane GBPs expressed mainly by DCs

and macrophages, bear an intracellular immunoreceptor tyrosine-
based activation motif (ITAM), that upon ligand recognition on
fungi, activates the caspase recruitment domain family member 9
(CARD9)-nuclear factor-κB (NF-κB) axis, resulting in the transcrip-
tion of various pro-inflammatory cytokine genes. Despite recog-
nizing different glycans (Dectin-1 recognizes β-glucans, whereas
Dectin-2 binds to α-mannans) both GBPs are implicated in host
responses against C.albicans and other similar fungi. Dectin-1
often synergizes with TLRs and DC-SIGN to allow cell signaling and
synthesis of pro-inflammatory cytokines [86, 87]. Through a similar
mechanism, Dectin-2 activation may be associated with Th17 cell
polarization [88, 89].
Galectins are also implicated in fungi recognition [77]. Extra-

cellular galectins are often associated with trapping and
encapsulation of several pathogens, whereas intracellularly they
function as part of the autophagy machinery as has been noted
above. Interestingly, galectin-3, but not galectin-1, has been
shown to bind to β1,2-linked oligomannosides, resulting in the
elimination of C. albicans [90, 91].
The glycosylation of viruses relies on the activity of host

enzymes linked to the glycosylation machinery, which contribute
to create similar glycans as those found in infected cells. The
capacity of a virus to replicate and change N-glycosylation
patterns impacts on their ability to be recognized by the immune
system, infect new cell types and evade immune responses. As an
example, the envelope glycoproteins of certain viruses, including
influenza A and HIV are highly covered by mannosylated clusters.
This glycan shield confers many advantages to the virus, by hiding
epitopes from immune surveillance but also for attachment to
host cells, signaling and immune cell activation [92]. In this regard,
HIV virus glycoproteins are highly decorated with N-glycans,
mostly high-mannose but also complex and hybrid type N-glycans
[93]. Interestingly, the vulnerability site for antibody neutralization
involves areas surrounded by high-mannose N-glycan shields
[94, 95]. On the other hand, SARS-CoV-2, the virus responsible for
COVID-19, is also decorated with glycan moieties [96, 97]. The
Spike protein contains 22 N-glycosylation sites, which are
important for cellular anchoring and colonization of endothelial
cells through DC-SIGN recognition [98]. Strikingly, this process
may be reverted through the use of glycomimetics [99, 100]. The
incubation of a mannose-based multivalent glycopolymer with
DC-SIGN-expressing cells leads to inhibition of SARS-CoV-2
Spike protein binding, and prevention of DC-SIGN-mediated
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trans-infection of angiotensin converting enzyme-2 (ACE)+ cells
[99]. A different mannose-based glycomimetic, Polyman26,
already known to inhibit DC-SIGN-mediated HIV infection of
CD8+ T cells, was also able to inhibit Spike protein binding to DC-
SIGN, leading to a decrease in trans-infection of DC-SIGN-
expressing cells [100]. Accordingly, greater DC-SIGN expression
on peripheral monocytes correlated with better prognosis of
COVID-19 patients, which was also associated with higher
production of pro-inflammatory cytokines [101, 102].
Although O- and N-glycosylation processes are widely described

in eukaryotes, these mechanisms are also found in prokaryotes,
such as bacteria. Flagellins and adhesins are O-glycosylated
proteins that have a critical role on bacterial flagellin and pili
function [103, 104]. Mycobacterium tuberculosis (Mtb) is a typical
example of a bacteria in which glycans are instrumental for
infection. Mtb is covered by a dense layer of polysaccharides
crucial for internalization, colonization, and subsequent infection,
being a well-studied example of O-mannosylation [105, 106].
Mannose-capped lipoarabinomannan (ManLAM), a macroamphi-
philic lipoglycan present on the surface of Mtb cell envelope [107],
is recognized by several C-type lectin receptors present on
macrophages and DCs, such as MR, DC-SIGN and Dectin-2
[108–110]. The recognition of Mtb glycans may shape immune
responses by impairing phagosome maturation in macrophages,
suppressing DC maturation and function and promoting CD4+

T-cell activation [109, 111]. Indeed, bacterial protein O-mannosy-
lating machinery functions as a critical virulence factor, as
demonstrated by inactivation of genes encoding protein O-
mannosyltransferases, including Rv1002c, in Mtb and MSMEG_5447
in Mycobacterium smegmatis, which led to severe deficiencies in
in vitro bacterial growth and reduced lysozyme and acidic stress,
as well as decreased virulence in vivo [112, 113]. These findings
reinforce the key role of glycans in Mycobacteria-driven immune
evasion mechanisms. Further studies focused on mycobacterial
glycosylation processes and its impact on host-pathogen
dynamics are essential for tailoring new strategies to tackle Mtb
infection.
Additionally, certain bacteria express sialic acid on their surface

using this saccharide as an energy source. Interestingly, they
develop multiple strategies for sialic acid uptake, including the
synthesis of sialidases (or neuraminidases) which removes sialic
acid from complex glycan structures of host cells. Since some type
of bacteria are not equipped with mechanisms to bind sialic acid,
sialidases are essential for removing this monosaccharide and
exposing underlying glycan-binding sites for pathogens [114].
CMP-Sia, the activated form of sialic acid, can be utilized by
bacteria, such as Neisseria gonorrhoeae, promoting evasion of
complement-mediated killing. This is mostly due to increased
incorporation of N-acetylneuraminic acid (Neu5Ac; predominant
form of sialic acid) to the cell surface, leading to increased factor H
and subsequent inactivation of the classical complement pathway
[115]. Furthermore, several bacteria use sialic acid as a mechanism
to evade host immune response, as a molecular mimicry program
[116].
Galectins have emerged as important players in host immunity.

In fact, galectin-4 and galectin-8 have been demonstrated to bind
and kill E. coli strains by recognizing bacterial surface glycans,
mimicking blood group antigens [117]. Galectin-4 binding to
bacterial surfaces is also described to limit intracellular bacterial
motility, inducing inflammasome activation in infected intestinal
epithelial cells, which reinforces the key role of galectins in host-
gut microbe interactions [118]. Interestingly, galectin-3 was also
reported to recognize a myriad of microbial glycans and display
antimicrobial activity against Providentia alcalifaciens and Klebsiella
pneumoniae strains [119], which highlights the crucial impact of
galectins in bacterial infection settings and in tailoring effective
immune response against bacterial pathogens. In fact, galectin-1
has been demonstrated to bridge glycans present on the surface

of Chlamidia trachomatis and epithelial cells, thus enhancing
bacterial infection in vitro and in vivo [120]. Likewise, this lectin
has been shown to function as a receptor for the sexually
transmitted human parasite Trichomonas vaginalis [121]. On the
other hand, galectin-1 can be co-opted by different pathogens,
including the bacteria Yersinia enterocolitica and the parasite
Trypanosoma cruzi, to generate tolerogenic circuits and evade
immune responses [122, 123]. Both galectin-1 and galectin-9 have
been proposed to reprogram viral latency during HIV-1 infection
[124, 125]. Furthermore, galectin-1 prevents cell fusion induced by
Nipah virus envelope glycoproteins and enhance DC secretion of
pro-inflammatory cytokines [126]. Finally, upon E. coli infection
and intracellular LPS sensing, galectin-1 can be released through
mechanisms involving non-classical inflammasome activation,
gasdermin D cleavage and pyroptosis, acting as a danger-
associated molecular pattern (DAMP) or alarmin during sepsis [53].
Similar to O-glycosylation, N-glycosylation is also found in

bacterial species. One of the most well-studied N-glycosylation
processes in bacteria and, in fact, the first to be identified is in
C. jejuni, the major causative agent of human bacterial diarrhea
worldwide. Protein N-glycosylation in C. jejuni has been described
to alter its pathogenicity. Moreover, a similar N-glycosylation
pattern is also found in other bacterial species, such as E. coli [127].
C. jejuni N-linked glycosylation was described to promote bacterial
fitness in the intestine [128]. Mutations in genes associated to the
N-linked protein glycosylation system (Pgl) are associated to
prevention of colonization ability to invade intestinal epithelial
cells [129]. Interestingly, N-linked glycosylation partners encoded
by the Pgl locus can alter C. jejuni proteins, enabling them to bind
the macrophage galactose-type lectin (MGL) [130], supporting its
immunomodulatory properties. Thus, an integrated network of
glycans and GBPs can mediate infection, invasion and immune
evasion programs displayed by a wide variety of intracellular and
extracellular pathogens.

Glycans and GBPs in chronic inflammation and autoimmunity
The transition from healthy toward an inflamed tissue is often
accompanied with alterations in cellular glycosylation. In the
context of inflammatory and autoimmune diseases, the pro-
inflammatory cytokine milieu can promote significant changes in
cellular glycosylation, including downregulation of N-acetylgluco-
saminyltransferase V (MGAT5) expression.
Inflammatory bowel disease (IBD) is a chronic, debilitating

disorder of the gastrointestinal tract, whose etiology remains to
be fully clarified. Glycans have emerged as pivotal players that
control the transition from healthy to inflamed intestine with
several glycosylation abnormalities being described in IBD. As an
example, mice lacking β1,6-branched N-glycans (Mgat5−/−) dis-
play increased susceptibility to severe forms of colitis [32].
Treatment of Mgat5−/− mice with GlcNAc was shown to
significantly reduce disease severity and progression [22].
Glycosylation is also known to regulate the activity of GBPs,

including galectins during autoimmune inflammation. As an
example, a glycosylation-dependent galectin-1-driven circuit has
been shown to control intestinal homeostasis preventing the
development of IBD. Notably, upregulation of ST6GAL1 mRNA, in
colonic biopsies from IBD patients, was correlated with interrup-
tion of galectin-1 signaling, whereas higher C2GNT1 mRNA levels
were positively correlated with galectin-1 binding and suppression
of intestinal inflammation, highlighting an alternative mechanism
through which glycosylation shapes gut immunity [25]. Likewise,
in IBD, defects in N-glycan branching were found in mucosal
T cells from patients with ulcerative colitis (UC), an effect that was
associated with T-cell hyperactivation and increased disease
severity [23]. Indeed, β1,6-branched complex N-glycans have
been shown to influence TCR signaling, serving as ligands for
galectin-3 recognition with subsequent impact on the threshold of
T-cell activation and development of autoimmune diseases [32].
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Ex vivo supplementation of T cells from UC patients with GlcNAc
promoted branched N-glycans in the TCR leading to suppression
of pro-inflammatory responses and control of T-cell activity
[22].Additionally, LGALS9, a gene that encodes for human
galectin-9, was also found to be associated with IBD. LGALS9,
has been linked to 1 of nearly 30 loci associated with IBD in
genome-wide association studies [131]. In mice, galectin-9 was
shown to be essential for the regulation of cellular proliferation
and epithelial restitution after intestinal epithelial injury. Accord-
ingly, Lgals9−/− mice showed increased susceptibility to severe
forms of colitis [132]. Thus, galectin-9 functions as a key regulator
of epithelial cell proliferation and intestinal mucosal homeostasis.
Additionally, alterations in fucosylation were also described in

IBD. The FUT2 gene, encoding for the α1,2-fucosyltransferase
enzyme, is known to control the expression of ABO blood group
antigens on the gastrointestinal mucosa. Individuals bearing
polymorphisms in FUT2 are defined as “non-secretors”, a
phenotype demonstrated to be associated with increased
susceptibility to Crohn’s disease (CD) [133]. Interestingly, intestinal
commensal microorganisms promoted Fut2 gene expression in
mice, leading to increased α1,2-fucose, in a mechanism depen-
dent of the activation of type 3 innate lymphoid cells (ILC3) and IL-
22 [134]. Some commensals such as Bacteroides fragilis were able
to salvage free fucose and utilize it for its own glycoconjugates, in
a possible molecular mimicry mechanism, with fitness advantage
in colonization and evasion from protective immune response
[135]. Besides, gut bacterial species are equipped with mucinases
that allows them to utilize mucin as carbon source. It was revealed
recently that bacterial mucinases can adapt to the diverse
composition and patterns of O-glycans of mucins, as a conserved
mechanism displayed by Akkermansia muciniphila and Bacteroides
thetaiotaomicron strains [136]. Nevertheless, this symbiotic rela-
tionship may be impaired by external cues, such as antibiotics
treatments. For instance, it was recently described that mice
treated with carbapenems (broad-spectrum antibiotics) have an
expansion of B. thetaiotaomicron. This abnormal expansion leads
to an increased expression of enzymes associated with the
degradation of mucin glycans that aggravates colonic graft-
versus-host-disease (GVHD) [137].
C-type lectins are also seminal players in maintaining intestinal

homeostasis. For instance, DC-SIGN expression was found to be
increased in intestinal epithelial cells from both CD and UC
patients and correlated with disease severity [138]. Consistently,
the same was observed in mouse models of colitis, with impact in
gut immunity, showing that, during IBD, intestinal epithelial cells
can modulate tissue-associated immune populations via DC-SIGN
signaling [138]. Also, mice lacking Dectin-1 show increased
susceptibility for chemically-induced colitis due to their lack of
capacity to respond to fungal species [139]. These findings
reinforce the paramount collaborative role of microbiota, mucosal
immunity and glycosylation in shaping intestinal homeostasis.
Gastrointestinal inflammation can also be triggered by infection

with bacterial pathogens. Recurrent human food-poisoning by
Salmonella enterica Typhimurium was shown to induce chronic
intestinal inflammation in mice, leading to colitis onset, with
mammalian Neu3 neuraminidase as the responsible factor for
intestinal alkaline phosphatase desialylation and deficiency.
Interestingly, abrogation of Neu3 prevented the development of
severe colitis [140]. In this regard, infection with Helicobacter pylori
increased the expression of α1,4-N-acetylglucosaminyltransferase
(α4GnT) in the gastric mucosa, promoting bacterial colonization
and subsequent establishment of chronic inflammation [141].
During the resolution of autoimmune inflammation, glycans

have been demonstrated to enhance tolerogenic circuits and
restore immune cell homeostasis through different mechanisms,
including immune cell receptor recognition and signaling. Nearly
all cell surface receptors are glycosylated including the signaling
receptors TCR and BCR, the activation markers CD25 and CD69,

immune checkpoints molecules such as CTLA-4, PD-1 and TIM-3
and cell adhesion molecules such as cadherins and integrins,
among others [142]. This additional layer of complexity finely
tunes receptor recognition, binding and function, which may be
altered in the context of disease. Particularly in multiple sclerosis
(MS), an autoimmune disease characterized by neuroinflammation
and demyelination, loss of β1,6-branched N-glycans in the TCR
molecule was associated with hyperactivity of T cells. In fact, TCR
threshold is highly regulated by the formation of lattices between
complex branched N-glycans and galectin-3, and disruption of this
physical constrain results in a facilitated TCR clustering and T-cell
activation. Mgat5−/− mice, devoid of β1,6-GlcNAc branched N-
glycans, showed increased susceptibility to experimental auto-
immune encephalomyelitis (EAE) [32], a mouse model of MS. More
recently, the role of branched N-glycans in controlling B-cell
responses was also highlighted; loss of complex N-glycans in B
cells led to a switched cell phenotype towards a more pro-
inflammatory profile, in which surface retention of CD19 and BCR
receptors was observed [143]. In vivo B-cell-specific ablation of
Mgat2 led to greater susceptibility to EAE. Collectively, these
evidence, including T or B-cell glyco-reprograming, pinpoint the
relevance of N-glycan branching in fine-tuning and controlling cell
activation in an autoimmune context. One of the well-established
mechanisms implicated with branching-mediated control of
immune response is the multivalent interaction with galectins. In
fact, mice devoid of galectin-1 (Lgals1−/−) showed increased Th1
and Th17 pro-inflammatory responses, enhanced microglia
activation and higher susceptibility to EAE [44, 49, 50], thus
emphasizing the pro-resolving and anti-inflammatory activity of
this GBP. On the contrary, mice lacking galectin-3 (Lgals3−/−)
showed reduced EAE severity, highlighting the pro-inflammatory
role of this endogenous lectin. One of the proposed mechanisms
involve modulation of the DC compartment, since Lgals3−/− DCs
inhibit the production of IL-17 when co-cultured with T cells,
suggesting that this chimera-type lectin exacerbates demyelinat-
ing disease by augmenting IL-17 and IFN-γ synthesis and
decreasing IL-10 production [144].
Rheumatoid arthritis (RA) is one of the most prevalent

autoimmune diseases worldwide, characterized by chronic inflam-
mation of the joints. The pathogenesis of RA has been widely
associated with alterations in the glycome either in IgG as well as
other glycoproteins present on immune cells and synovial
fibroblasts. Specifically, a recent study has demonstrated that
tumor necrosis factor (TNF)-mediated inflammation is associated
with a reduction in α2,6-sialylation and increased extension of
LacNAc structures in synovial fibroblasts, leading to a higher pro-
inflammatory profile characterized by enhanced production of IL-6
and CCL2. Loss of α2,6-sialylation facilitated galectin-3 binding
and instruction of a pro-inflammatory response [145, 146].
Concomitantly, TNF-α successfully upregulated the expression of
β1,4-GalT-I, an enzyme responsible for the addition of a galactose
residue to the terminal N-acetylglucosamine [147]. Thus, con-
current with a reduction of α2,6-sialylation, TNF-driven mechan-
isms are also associated with unmasking of galectin-3-binding
sites on synoviocytes from RA patients. Interestingly, early studies
demonstrated that protein administration or genetic delivery of
galectin-1 suppresses the arthritogenic process by skewing the
balance toward a Th2 phenotype [148]. Interestingly, galectin-1
levels increase with the severity of the disease in plasma from
patients with RA whereas circulating galectin-3 levels were
downregulated, suggesting that a cross-talk between these two
lectins may regulate the exacerbation and resolution of an
inflammatory response [149].
It has been observed in RA that loss of IgG sialylation, in

inflamed joints, contributes to pro-inflammatory effects of
antibody-driven immune responses. In fact, the anti-
inflammatory activity of IgG was attributed to sialylation of its Fc
glycan. In an attempt to recover IgG sialylation profile and to
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prevent development of inflammation, Pagan et al developed a
soluble sialyltransferase (ST6Gal1), which promoted IgG sialylation
in vivo. The exogenous sialylation of pathogenic IgG was shown to
be effective in preventing the activation of Fcγ receptor, namely
through the binding of sialylated Fc to DC-SIGN, resulting in
increased surface expression of the inhibitory FcγRIIB on
inflammatory effector cells, thus promoting a Th2-STAT6-IL-4 axis
[150]. These findings underscored the therapeutic potential of IgG
glycoengineering in vivo.
Patients with type 1 diabetes have also found to harbor a non-

secretor FUT2 phenotype, being unable of express blood group
antigens which may be associated with disease susceptibility. In
turn, this phenotype can also lead to increased resistance to
pathogen infections [151], highlighting the complex dynamics
between controlled and exacerbated immune responses in host
protective responses and autoimmune inflammation. Further-
more, changes in glucose metabolism in type 1 diabetes have
been shown to impact the activities of C-type lectins, such as MBL,
which expression is associated with increased risk of disease
complications, such as diabetic nephropathy [152, 153]. Galectins
have also been reported to be play roles during inflammatory
processes underlying metabolic disorders, such as diabetes and
obesity. Interestingly, galectin-1 and galectin-9 upregulation or
their administration in animal models has been demonstrated as a
protective strategy against the development of type 1 diabetes
[154]. Moreover, recent studies identified a role for galectin-1 in
regulating glucose metabolism through modulation of pancreatic
insulin secretion, highlighting novel opportunities to control type-
2 diabetes as well [155].
Systemic Lupus Erythematosus (SLE) is another example of

autoimmune disease in which glycosylation seems to play an
important role in breaking self-tolerance. An extensive 2D
characterization of the kidney glycome from lupus nephritis
patients showed an enrichment of high-mannose structures in
detriment to complex and branched N-glycans. This was shown to
be a result of downregulation of MAN2A1, a gene encoding the
mannosidase I, responsible for hydrolysis of the second mannose
antennae and the progression of the N-glycosylation pathway
towards complex N-glycans. In this regard, an increased expres-
sion of mannosyltransferases gene (POMT1) was observed,
resulting in an abnormal exposure of O-mannose structures.
Interestingly, this unique glycosylation signature was shown to be
specific of SLE and not derived from other kidney diseases [156].
Accordingly, an early study reported a case of two sisters with α-
mannosidosis (a rare genetic condition characterized by the
deficiency of mannosidase enzyme) who both developed SLE
[157]. Mouse models have also helped to establish tissue
glycome changes as a central hallmark of SLE. As an example,
mannosidase II null mice spontaneously developed lupus
disease, with signs of glomerulonephritis, C3 kidney deposition,
and high levels of autoantibodies, all features observed in
human lupus disease [158, 159]. Moreover, Mgat5−/− mice
developed spontaneous glomerulonephritis with aging, a
feature also found in lupus patients [32]. In this line, analysis
of the glycome of kidney cells from a lupus mouse model, MRL-
lpr, a lower abundance of complex N-glycans together with an
accumulation of paucimannose structures were identified [160].
Altogether, these observations converge in a specific glycosyla-
tion signature found in lupus kidney that may be tuning self-
recognition. In fact, abnormal high-mannose N-glycans found in
human kidney tissue were found to be recognized by DC-SIGN,
potentially instructing a pro-inflammatory response [156]. In
fact, not only DC-SIGN but also the MR and MBL were found to
be abundantly expressed in lupus renal tissue. Thus, recognition
of aberrant glycoepitopes by GBPs appear to be critical for
driving pathogenic responses during during disease progression
which can be abrogated by treatment of anti-DC-SIGN mono-
clonal antibodies [159, 161, 162].

An early component of the immunopathogenesis of SLE is the
hyperactivation of T cells. The ratio between sialyltransferases and
neuraminidases (ST6GAL1/NEU1 and ST3GAL6/NEU1), which
describes the terminal sialylation levels, was found to be increased
in T cells from SLE patients. This effect resulted in decreased
galectin-1 binding [163], which was recovered after neuramini-
dase treatment. Since galectin-1 binding to T cells is often
associated with an apoptotic signal [164], it is highly relevant to
associate loss of galectin-1 binding with resistance to T-cell death
in SLE. In this regard, mice lacking galectin-1 developed a
spontaneous autoimmune disease during aging that recapitulates
the clinical signs of Sjögren disease and SLE [165]. Likewise,
galectin-3-deficient mice develop a SLE-like disease with sponta-
neous formation of germinal centers via IFN-γ-dependent
mechanisms [166]. Finally, although the role of galectin-9 in these
settings is not well established, high levels of this lectin were
found in sera from lupus patients [167]. In fact, galectin-9 levels
appear to be associated with kidney involvement in this disease,
and a clinical trial aimed at demonstrating the clinical potential of
serum galectin-9 levels in assessing disease activity and organ
damage is currently active (NCT04558814).

Concluding remarks and the future of glycomedicine
In the post-genomic area, the study of the glycome has identified
key immunoregulatory pathways that integrate with canonical
programs contributing to induction, amplification and resolution
of innate and adaptive immune responses. Glycans and GBPs,
including galectins, siglecs and C-type lectins, are central
components of tolerogenic circuits that may shape both lymphoid
and myeloid compartments. This effect involves several poten-
tially overlapping mechanisms including modulation of immune
checkpoint pathways, induction of tolerogenic dendritic cells,
expansion of myeloid-derived suppressor cells or Tregs, control of
T-cell viability and modulation of the threshold of T-cell and B-cell
activation in a wide range of pathophysiologic settings. During
infection, a wide range of pathogens, including viruses, bacteria,
fungi and parasites, carry a particular set of glycans that are used
not only to adhere and invade host cells, but also to orchestrate
and tailor innate and adaptive immunity. In this regard, microbes
may co-opt host glycans and GBP, engaging in a glycan mimicry
process to evade and/or subvert immune responses, thus
promoting infection and perpetuating the colonization of
the host.
Interestingly, host cells have evolved to display a similar set of

glycan structures as those used by pathogens (e.g. mannosylated,
fucosylated, or sialylated structures), either to orchestrate and
amplify immune responses during the development of inflamma-
tion and autoimmunity or to promote resolution of the disease
and restoration of tissue homeostasis (as depicted in Fig. 2). GBPs
serve to interpret this structural information, by generating
different multivalent lectin-glycan structures that positively or
negatively influence biologically relevant processes [168].
However, in spite of considerable progress, several questions

remain unanswered and are still challenges in the field of
glycoimmunology: could the glycan-GBP hub be used as a
biomarker for diagnosis, prognosis and treatment decision in
immune-mediated diseases? Can we interfere with glycan-GBP
interactions to tailor the course of microbial infections or the
inflammatory/autoimmune process? Will these interventions
modulate common immune pathways leading to either immu-
nostimulatory or immunosuppressive responses? Given their
diverse glycan-binding specificities, do GBPs (C-type lectins,
siglecs and galectins) cooperate, synergize or counteract each
other in the control of host-pathogen interactions, immune
evasion mechanisms or resolution of inflammatory responses?
Can we discriminate at the structural and single cell level the
contribution of GBP-glycan interactions to amplification or
inhibition of inflammatory responses?
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Further studies including international collaborative efforts are
warranted to move forward this exciting field with particular
emphasis in understanding the biology that underlies the
association of glycans and GBPs, in a non-reductionist and
integrative fashion, in order to capitalize this information for
therapeutic and prophylactic purposes in a broad setting of
immune-mediated diseases that span from infection, inflamma-
tion, autoimmunity and cancer.
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