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Programs that control immune cell homeostasis are orchestrated through the coordinated action of
a number of regulatory cell populations, including regulatory T cells, regulatory B cells, myeloid-
derived suppressor cells, alternatively-activated macrophages and tolerogenic dendritic cells.
These regulatory cell populations can prevent harmful inflammation following completion of pro-
tective responses and thwart the development of autoimmune pathology. However, they also have
a detrimental role in cancer by favoring escape from immune surveillance. One of the hallmarks of
regulatory cells is their remarkable plasticity as they can be positively or negatively modulated by a
plethora of cytokines, growth factors and co-stimulatory signals that tailor their differentiation, sta-
bility and survival. Here we focus on the emerging roles of galectins, a family of highly conserved
glycan-binding proteins in regulating the fate and function of regulatory immune cell populations,
both of lymphoid and myeloid origins. Given the broad distribution of circulating and tissue-specific
galectins, understanding the relevance of lectin-glycan interactions in shaping regulatory cell com-
partments will contribute to the design of novel therapeutic strategies aimed at modulating their
function in a broad range of immunological disorders.

© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Immune cell homeostatic programs regulated by galectin-glycan
interactions: the ‘sweet’ sound of silence

The immune system has evolved to mount an effective defense
against pathogens and tumors and to minimize deleterious inflam-
mation caused by commensal microorganisms and immune
responses against self and environmental antigens. Programs that
safeguard immune cell homeostasis are required for resetting host
protective immunity to steady-state conditions, and for preserving
immune tolerance, while preventing autoimmune and allergic
reactions, maintaining fetal survival during pregnancy and sup-
pressing metabolic inflammation [1]. However, the same regula-
tory programs may be usurped by tumors or pathogens to evade
immune responses [2]. During the past decades a number of regu-
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latory cell populations, belonging to lymphoid or myeloid lineages,
have been shown to be instrumental for preserving and restoring
immune cell homeostasis by controlling the fate of innate and
adaptive effector cells. These include, among others, different types
and subsets of naturally-occurring or inducible regulatory T cells
(Tregs), regulatory B cells (Bregs), myeloid-derived suppressor
cells (MDSCs), M2-type macrophages and tolerogenic dendritic
cells (DCs) [3-7]. Moreover, recent studies highlighted the
immunosuppressive potential of other cell types including uterine
natural killer (uNK) cells and mesenchymal stem cells (MSCs) [8,9].
One of the hallmarks of regulatory cell populations is their remark-
able plasticity as they can be positively or negatively modulated by
a broad spectrum of cytokines, chemokines, growth factors and co-
stimulatory signals that tailor their differentiation, expansion, sta-
bility and survival [10]. Moreover, although underappreciated for
many years, emerging observations suggest essential roles for
endogenous glycan-binding proteins or lectins and their corre-
sponding glycosylated ligands in controlling the fate and function
of immune regulatory cells [11].

Among the various lectin families, galectins are probably the
most conserved throughout the evolution, with members identi-
fied in most animal taxa examined so far [12]. Although galectins
do not have the signal sequence required for the classical secretory
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pathway, most of them are externalized through an unconven-
tional pathway that is still poorly understood [13]. Fifteen mem-
bers of the galectin (Gal) family, divided into three different sub-
families, have been identified in a variety of cells and tissues: a)
‘proto-type’ galectins (Gal-1, -2, -5, -7, -10, -11, -13, -14 and -15)
have one carbohydrate recognition domain (CRD) that can dimer-
ize, b) ‘tandem-repeat’ galectins (Gal-4, -6, -8, -9 and -12) contain
two homologous CRDs in tandem in a single polypeptide chain and
c) the ‘chimera-type’ Gal-3 which contains a CRD connected to a
non-lectin N-terminal region that is responsible for oligomeriza-
tion [14].

Although galectins can recognize complex glycan determinants
with relatively high affinity in the submicromolar range [15], it is
their ability to dimerize or oligomerize, together with the struc-
ture, number and density of glycan epitopes in multivalent glyco-
proteins, which determine the avidity of galectin-glycan
interactions and their signaling potency [16]. Interestingly, galec-
tins play critical roles outside the cells by interacting with a variety
of glycosylated ligands on the cell surface and the extracellular
matrix [11]. Once in the extracellular milieu, galectins can regulate
cell proliferation, signaling, apoptosis and trafficking and modulate
critical physiologic and pathologic processes including inflamma-
tion, angiogenesis, tumorigenesis and neurodegeneration [17,18].
However, these lectins can also play roles inside the cells including
modulation of cell survival, intracellular immunity, clathrin-
independent endocytosis, signaling, mRNA splicing and autophagy
[19-21].

Interestingly, analysis of the molecular and biochemical deter-
minants of purified galectins and glycans revealed the formation
of two- and three-dimensional arrangements of multivalent struc-
tures often termed ‘lattices’ [22]. These multivalent lectin-glycan
complexes have been proposed to serve as scaffolds for organizing
cell surface domains, which in turn modulate the signaling thresh-
old of relevant surface glycoproteins including the T cell receptor
(TCR), B cell receptor (BCR), cytokine receptors (e.g. transforming
growth factor (TGF)-B RII), ion channels (e.g. transient receptor
potential cation channel subfamily V member 5; TRPV5), mem-
brane transporters (e.g. glucose transporter 2; GLUT-2) and growth
factor receptors (e.g. vascular endothelial growth factor receptor 2;
VEGFR2) [11,23,24]. Regarding their saccharide specificity, galec-
tins were first defined by their common ability to recognize the
disaccharide N-acetyllactosamine [GalB(1-4)-GlcNAc; LacNAc].
However, recent evidence revealed substantial differences in the
glycan-binding preferences of individual members of the galectin
family [14,25,26]. Illustrating this concept, Gal-1 binds to non-
sialylated and o2,3-sialylated, but not o 2,6-sialylated glycans,
whereas Gal-3 binds either o 2,3- or o 2,6-sialylated glycans and
Gal-2 exhibits reduced binding to all sialylated glycans. Moreover,
Gal-8 has higher affinity for 3’-O-sulfated or 3’-O-sialylated gly-
cans and Lewis X-containing glycans than for LacNAc-
terminating oligosaccharides, while Gal-10 surprisingly recognizes
mannose-containing ligands [11]. Interestingly, different factors
may control the biological activity of galectins including: (a) their
oligomerization status (monomeric versus dimeric or oligomeric
forms); (b) their subcellular compartmentalization (nuclear, cyto-
plasmic or extracellular localization); (c) their stability in reducing
or oxidative microenvironments and (d) the active remodeling of
N- and O-glycans on target cells [18,27].

The contribution of galectins and glycosylated ligands to innate
and adaptive immune responses, particularly effector T cell
responses, has been reviewed elsewhere [28-31]. Here we focus
on the relevance of galectins and glycans in regulating the fate
and function of lymphoid and myeloid regulatory cell populations
including Tregs, Bregs, tolerogenic DCs, M2-type macrophages and
MDSCs.

2. Regulatory T cells

Regulatory T cells are key players in maintaining the balance
between immune activation and tolerance. They can shut-off exu-
berant or undesired immune responses by restraining inflamma-
tion to self antigens, commensal microbiota, allergens, and
pathogens, thus preventing autoimmune and autoinflammatory
disorders. The so-called, inducible CD4" regulatory T cells (iTregs)
are generated outside the thymic compartment to regulate periph-
eral immune tolerance, whereas thymus-derived naturally-
occurring CD4" regulatory T cells (nTregs) are generated in the thy-
mus. Depending on whether they stably express the forkhead box
P3 (Foxp3) transcription factor, iTregs may be divided into two
subsets: the classical TGF-p-induced CD4*Foxp3" Tregs and the
CD4*Foxp3~ type 1 regulatory T (Tr1) cells [32]. From a functional
viewpoint, Tregs can suppress T cell responses through different,
although potentially overlapping mechanisms including the syn-
thesis of inhibitory cytokines (interleukin (IL)-10, IL-35, TGF-B),
suppression by cytolysis (perforin- and granzyme-dependent path-
ways), inhibition by metabolic disruption (IL-2 deprivation), and
modulation of DC function (i.e. tryptophan depletion via induction
of indoleamine 2,3-dioxygenase; IDO) [3]. Development of Tregs,
either in the thymus or peripheral compartments, as well as their
stability and function, all depend on the right combination of intra-
cellular signals and environmental cues, including cytokines,
chemokines, microbial products and metabolites [3].

Under this complex scenario, galectins and their ligands have
emerged as novel regulators of Tregs biology and mediators of
their immunosuppressive activity. In microarray analysis, the
LGALS1 gene, encoding Gal-1, was found to be up-regulated in
Tregs compared to activated effector T cells [33]. Garin and col-
leagues confirmed the abundance of Gal-1 protein in Foxp3™* Tregs
and provided evidence of its contribution to the suppressive activ-
ity of these cells. Targeted disruption of Gal-1, using biochemical or
genetic approaches, attenuated the inhibitory effects of human and
mouse CD4"CD25" Tregs, suggesting the involvement of this lectin
in Treg cell-mediated immunosuppression [34]. Further mechanis-
tic analysis demonstrated that Foxp3* Tregs utilize Gal-1 to tran-
siently inhibit PI3K/p21ras activity in human CD8* T cells despite
partial activation of TCR proximal signals, such as phosphorylation
of CD3¢, zeta-chain-associated protein kinase 70 (Zap70), linker of
activated T cells (LAT) and protein kinase C¢ (PKC¢o), leading to
CDS8* T cell dysfunction [35]. Interestingly, Wang et al. showed that
Treg-derived Gal-1 dampens effector T cell responses through
cross-linking of the monosialotetrahexosylganglioside (GM1),
resulting in activation of the short transient receptor potential
channel 5 (TRPC5) and modulation of Ca2* influx [36]. Thus, target-
ing Gal-1 synthesis in Tregs may contribute to attenuate the sup-
pressive potential of these cells, leading to stimulation of anti-
tumor and anti-microbial T cell-mediated immunity. On the other
hand, reinforcing Gal-1 expression would lead to generation of
Tregs with enhanced immunosuppressive activity in settings of
chronic inflammation, autoimmune disease and organ
transplantation.

However, this regulatory mechanism does not seem to be lim-
ited to Gal-1, as other members of the galectin family have also
been shown to be up-regulated in Tregs. In fact, LGALS3, the gene
encoding Gal-3, is selectively increased in human Tregs, as com-
pared to human T helper (Th) cells through a transcriptional mech-
anism involving the gene expressing ubiquitin D (UBD), a
downstream element of Foxp3 [37]. Interestingly, proteomic anal-
ysis of human CD4"CD25 Foxp3* Tregs identified Gal-10 as a novel
marker that delineates this cell population from resting and acti-
vated CD4" T cells. Targeted inhibition of Gal-10 restored the pro-
liferative capacity of human Tregs and abrogated their suppressive
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Fig. 1. Impact of galectins in the modulation of Treg cell programs. Naive T cells (T naive) and naturally-occurring regulatory T cells (nTregs) emigrate from the thymus to
lymph nodes. Dendritic cells (DCs) reach the lymph nodes via afferent lymphatic vessels following processing of microbial and tumor antigens. Upon antigen presentation,
TCR signaling and local cytokines contribute to activation and differentiation of effector T cells (Teff), which readily migrate to peripheral tissues to eradicate pathological
threats. However, different stimuli, including members of the galectin family instruct differentiation of naive T cells toward a regulatory phenotype. Galectin (GAL)-1 favors
differentiation of naive T cells into Foxp3~ IL-10" Tr1 regulatory cells. GAL-1 is up-regulated in inducible Tregs (iTregs) and nTregs, and contributes to their
immunosuppressive activity. GAL-3 inhibits differentiation of naive T cells into iTregs, whereas GAL-8 and GAL-9 enhance the iTreg profile and suppress Teff activity. Studies

also showed that GAL-10 contributes to the suppressive function of human Tregs.

function [38]. Moreover, Wang et al. found that Gal-9, which serves
as a ligand for the T cell immunoglobulin mucin-3 (Tim-3) recep-
tor, was up-regulated on mouse CD4*CD25 Foxp3* Tregs and pos-
itively modulated their function. Blockade of the Tim-3-Gal-9
pathway counteracted the suppressive activity of Tregs, enhanced
Th1 cytokine production in vitro and abrogated survival of allo-
geneic skin grafts induced by Tregs in vivo [39]. Furthermore,
recent studies demonstrated that hepatic Foxp3* Tregs promoted
liver T cell homeostasis in a model of concanavalin A-induced hep-
atitis via up-regulation of Gal-9 [40]. Likewise, Gal-9-expressing
Tregs promote the exhaustion of Tim-3* T cells in patients persis-
tently infected with hepatitis C virus (HCV) [41]. The mechanisms
underlying these effects were recently revealed by Wu and col-
leagues, who showed that expression of Gal-9 was crucial for the
generation of iTregs, but not nTregs. The authors found that activa-
tion of the Smad3 transcription factor induced expression of this
lectin and modulated iTreg cell stability and function through
direct association with a molecular complex involving CD44 and
TGF-B RI [42]. Thus, distinct members of the galectin family,
including Gal-1, -3, -9 and -10, are up-regulated in Tregs and
may influence their immunosuppressive function.

In a large number of experimental models of autoimmune dis-
ease and chronic inflammation, including collagen-induced arthri-
tis (CIA), experimental autoimmune encephalomyelitis (EAE),
experimental autoimmune uveitis (EAU), experimental diabetes,
inflammatory bowel disease (IBD), experimental autoimmune
orchitis (EAO) and graft versus host disease (GvHD), in vivo admin-
istration of recombinant Gal-1 or its genetic delivery attenuated
the clinical severity of the disease and tilted the balance toward
an anti-inflammatory cytokine profile [43-49]. On the other hand,
silencing of Gal-1 gene expression or antibody-mediated Gal-1
blockade suppressed tumor growth and/or metastasis and pro-
moted T cell-mediated tumor rejection in a variety of cancers
including melanoma, lung adenocarcinoma, pancreatic adenocarci-
noma, Hodgkin’s lymphoma, neuroblastoma, mammary adenocar-

cinoma, Kaposi's sarcoma, glioblastoma and ovary carcinoma
[24,50-58]. Seeking for potential mechanisms that could explain
the broad immunosuppressive activity of this p-galactoside-
binding lectin [59], we found, in a model of autoimmune ocular
inflammation, that Gal-1 therapy increased the frequency of Fox-
p3~ Trl cells, which suppressed retinal disease when adoptively
transferred into immunized mice [45]. Moreover, Foxp3* Tregs
were also expanded following administration of recombinant
Gal-1 in a lupus-like model [60]. In vitro, Gal-1 increased the rela-
tive abundance of CD4*CD25*Foxp3* Tregs in co-cultures with
Reed Sternberg cells [53]. Interestingly, in a breast cancer model,
silencing tumor-derived Gal-1, using small hairpin ribonucleic acid
(shRNA) strategies, reduced the frequency of CD4"CD25Foxp3*
Tregs within the tumor, draining lymph nodes, spleen, and lung
metastases, attenuated the immunosuppressive activity of Tregs
and selectively lowered expression of the regulatory molecule
LAT [55]. Likewise, in a mouse model of stress-induced failing
pregnancies in vivo and in co-cultures of human trophoblasts
and T cells in vitro, Gal-1 favored the induction of Foxp3-
dependent Treg cell programs [61,62]. Notably, Gal-1 was prefer-
entially expressed either by trophoblast cells or by uNK cells,
which play key roles in maintenance of placental immune privilege
[63]. These effects were confirmed in studies demonstrating that
Gal-1 controls cardiac inflammation and suppresses acute myocar-
dial infarction by increasing the frequency of Tregs in cardiac tissue
[64]. Thus, in addition to the well-established immune regulatory
roles of this lectin, mediated by induction of Th1 and Th17 cell
apoptosis [44], regulation of cytokine secretion [65] and inhibition
of T cell trafficking [28], Gal-1 also contributes to create immuno-
suppressive microenvironments via induction of Foxp3* Tregs and
Foxp3~ Tr1 cells.

Moreover, in a model of autoimmune uveitis, Gal-8 increased
the number of Tregs in both the draining lymph node and the
inflamed retina. In vivo generated Gal-8-induced Tregs expressed
the inhibitory coreceptor cytotoxic T lymphocyte antigen (CTLA)-
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Fig. 2. Impact of galectins in the control of regulatory myeloid cells. Upon interactions with stromal cells, cytokines and growth factors, myeloid cells can differentiate and
emigrate from the bone marrow to colonize peripheral tissues and orchestrate innate immune responses. However, given their plasticity, immunogenic myeloid cells (pink)
can also display regulatory or tolerogenic activity (blue). Galectin (GAL)-1 and GAL-9 stimulate M2-type polarization in macrophages, enhancing arginase (ARG) activity and
supporting anti-inflammatory functions. On the other hand, GAL-2 and GAL-3 can polarize macrophages toward an M1 phenotype, characterized by high iNOS activity and
pro-inflammatory function. Within the DC compartment, GAL-1 and GAL-3 can instruct these cells to become tolerogenic, while GAL-9 favors an immunogenic profile.
Whereas GAL-1 increases conversion of immature myeloid cells (IMCs) into Ly-6G* MDSCs, GAL-9 favors differentiation into Ly-6G* and Ly-6C* MDSC profiles. Within the
Central Nervous System (CNS), astrocytes synthesize high amounts of GAL-1 which, upon binding to CD45 on microglia cells, favors their polarization into an M2-type profile
(Mi2), thereby preventing demyelination and inflammation-induced neurodegeneration. In contrast, GAL-9 shifts the balance toward an M1 (Mil) pro-inflammatory

phenotype.

4, the immunosuppressive cytokine IL-10, and the tissue-homing
integrin CD103 [66]. In vitro analysis of the mechanisms underly-
ing Gal-8 effects revealed the ability of this lectin to activate the
TGF-B pathway and sustain IL-2 receptor signaling [67]. Interest-
ingly, the Gal-9-Tim-3 axis can also modulate Treg cell biology.
Seki and colleagues found that recombinant Gal-9 suppressed clin-
ical signs of arthritis, reduced the number of Tim-3"CD4" T cells
and promoted differentiation of naive T cells into Tregs in vitro
[68]. Moreover, Gal-9 favored the expansion and proliferation of
Foxp3* Tregs in a model of myocarditis [69], and contributed to
the immunosuppressive activity of HCV-infected hepatocytes
[70]. Furthermore, in response to Toll-like receptor (TLR)9 ligands
and non-digestible oligosaccharides, Gal-9 released by intestinal
epithelial cells favored Treg cell polarization [71]. These regulatory
effects were recently confirmed by intranasal administration of
Gal-9-expressing adenoviral associated virus (rAAV) into mice
infected with respiratory syncytial virus (RSV). Genetic delivery
of Gal-9 decreased viral load, and reduced the severity of lung
pathology through mechanisms involving expansion of Tregs
[72]. Analysis of the intracellular pathways triggered by Gal-9
revealed the ability of this lectin to enhance TGF-B;-induced phos-
phorylation of Smad2/3 and extracellular signal-regulated kinases

1/2 (ERK1/2)[73]. In contrast to the positive role of Gal-1, -8- and -
9 in promoting Treg cell differentiation and augmenting their sup-
pressive activity, Gal-3 mostly displayed inhibitory effects within
the Treg cell compartment. In a model of autoimmune neuroin-
flammation, Gal-3 deficiency reduced the clinical symptoms of
the disease and increased the frequency of Foxp3* Tregs in the cen-
tral nervous system (CNS), suggesting a major pro-inflammatory
role for this lectin [74]. Supporting these findings, Gal-3 also
reduced the frequency and function of CD4*CD25Foxp3* Tregs in
a model of Leishmania major infection via modulation of the Notch
signaling pathway [75].

Collectively, these data imply that a coordinated galectin pro-
gram may control Treg cell biology by regulating their differentia-
tion, expansion, stability and immunosuppressive activity (see
Fig. 1). Whether these glycan-binding proteins are transcription-
ally or epigenetically regulated during the lifespan of Tregs in dis-
tinct physiologic and/or pathologic settings still remains to be
elucidated. Moreover, further studies are warranted to investigate
the differential contribution of individual members of the galectin
family to Treg cell trafficking, expansion and tissue distribution
and their selective involvement in nTregs versus iTregs
compartments.
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3. Regulatory B cells

In addition to their well-established roles in antigen recognition
and processing and their unique function as precursors of
immunoglobulin-producing plasma cells, B cells may also become
regulatory suppressing immunopathology, silencing the expansion
of pathogenic T and B cells and supporting immunological toler-
ance through the production of IL-10, IL-35, and TGF-B [76]. Stud-
ies in experimental animal models, as well as in patients with
autoimmune and infectious diseases, have identified multiple Breg
subsets induced in response to inflammation, which arise at differ-
ent stages of B cell development and exhibit diverse mechanisms
of immune suppression [76].

We have demonstrated that, upon BCR engagement, B cells syn-
thesize and secrete elevated amounts of Gal-1 to dampen the sur-
vival of neighboring activated T cells [77]. Moreover, intracellular
Gal-1 has been shown to interact with the B cell-specific transcrip-
tional coactivator Oct binding factor (OBF)-1-OCA-B and negatively
regulated B cell proliferation and tyrosine phosphorylation upon
BCR stimulation [78], suggesting that this lectin can restrain T cell
and B cell signaling. However, exposure of human chronic lympho-
cytic leukemia (CLL) B cells to extracellular Gal-1 supported tonic B
cell signaling [79], an effect that was recently confirmed by phos-
phoproteomic analysis of mature B cells [80]. Thus, intracellular
and extracellular Gal-1 may play different roles in modulating
mature B cell fate.

Interestingly, Clark and collaborators identified Gal-1 (LGALS1)
and Gal-3 (LGALS3) as genes that were differentially transcribed
in anergic B cells [81]. The authors further demonstrated that mice
lacking Gal-1 or Gal-3 showed subtle differences in B cell tolerance
[82], suggesting that galectin deficiency may impact B cell tolero-
genic circuits in combination with other factors, including epige-
netic and/or environmental mechanisms. Moreover, Gal-1 was
found to be up-regulated in IgM* memory B cells and contributed
to B cell apoptosis through inhibition of Akt phosphorylation and
up-regulation of the BH3-only protein Bim [83], thus substantiating
the key regulatory role of galectins within the mature B cell com-
partment. Interestingly, although Gal-1 suppressed mature B cell
signaling, it increased plasma cell differentiation and survival, sug-
gesting that this lectin may be part of the intracellular signaling
machinery that governs B cell decisions [84,85]. This regulatory
effect appears to be restricted to Gal-1 as other members of the
galectin family have been proposed to play opposite role in plasma
cell biology. In fact, Gal-9 promoted plasma cell apoptosis [86] and
intracellular Gal-3 has been reported to skew the balance toward a
memory B cell phenotype [87]. Following antigen challenge, Gal-3
deficiency led to enhanced plasma cell differentiation and
unleashed immunoglobulin production, both in B1 and B2 cells
[87,88]. Finally, elegant studies reported that, during B-cell devel-
opment, Gal-1 secreted by bone marrow stromal cells acts as a
pre-B cell receptor ligand to modulate B cell maturation through
mechanisms involving displacement of Gal-1/glycan lattices and
shift toward a glycosylation-independent Gal-1-mediated pro-
tein—-protein interaction [89]. Thus, although not investigated in
such detail as the T cell compartment, these studies suggest that
galectins may play different regulatory roles during the lifespan
of B cells, targeting their maturation, differentiation, signaling, tol-
erance and survival.

4. Tolerogenic dendritic cells

In spite of their traditional role in orchestrating adaptive
immune responses, conventional DC subsets, including myeloid
DCs and plasmacytoid DCs, can also attenuate inflammatory reac-
tions by promoting T cell anergy or by favoring the expansion, dif-

ferentiation and/or recruitment of Tregs or Bregs [90]. During the
course of chronic inflammatory reactions, bidirectional interac-
tions take place between DCs and T cells, which may initiate either
immunogenic or tolerogenic circuits [91,92]. Several stimuli may
influence the decision of DCs to become tolerogenic, including IL-
10, TGF-B, vasoactive intestinal peptide (VIP) and 1,25-
dihydroxyvitamin D3. In addition, interaction with stromal cells,
CD4*CD25*Foxp3* Tregs or apoptotic cells may also drive the dif-
ferentiation of tolerogenic DCs [91].

We found that both human and mouse DCs differentiated or
matured in a Gal-1-enriched microenvironment acquired a distinc-
tive regulatory or tolerogenic signature characterized by low
expression of CD11¢ (mouse DCs) or CD1a (human DCs), high
expression of the cell surface marker CD45RB, phosphorylation of
the transcription factor signal transducers and activators of tran-
scription (STAT)-3 and abundant secretion of IL-27 and IL-10
[93]. When transferred in vivo, these DCs promoted T-cell toler-
ance in antigen-specific settings, blunted Th1 and Th17 responses
and halted autoimmune CNS inflammation through mechanisms
involving DC-derived IL-27 and T cell-derived IL-10. Thus, using
IL-27 receptor-deficient (II27ra~/~) and IL-10-deficient (1110~/")
mice, our results identified an immunoregulatory circuit linking
Gal-1 signaling, IL-27-producing tolerogenic DCs and IL-10 secret-
ing Tregs [93]. Induction of regulatory DCs by Gal-1 also con-
tributed to immune tolerance in settings of cancer and
pregnancy [54,61,94]. In fact, Kuo et al. found that lung cancer
derived-Gal-1 promoted tolerogenic DCs, which in turn favored
the induction of CD4*CD25"Foxp3™ Tregs. At the molecular level,
this regulatory effect was, at least in part, mediated by induction
of the inhibitor of DNA binding 3 (Id3) and up-regulation of IL-10
[94]. Interestingly, this tolerogenic mechanism may be usurped
by pathogens to thwart host protective responses as illustrated
by a recent study showing that Trypanosoma cruzi, the etiological
agent of Chagas’ disease, instructs differentiation of tolerogenic
DCs and Foxp3* Tregs and blunts Th1 and CD8*-mediated anti-
parasite immunity [95]. Moreover, Thiemann et al. have recently
shown a novel mechanism through which Gal-1 blunts DC
responses; the authors demonstrated that this lectin inhibited tis-
sue emigration of immunogenic, but not tolerogenic DCs, through
extracellular matrix and across endothelial cells. This selective
effect appeared to be related to the differential expression of
core-2 O-glycans on CD43 on immunogenic versus tolerogenic
DCs, and to reduced phosphorylation of the protein tyrosine kinase
2 (Pyk2) [96]. Notably, up-regulation of glycosyltransferases
involved in LacNAc synthesis revealed greater sensitivity of mature
versus immature DCs to the immunoregulatory effects of galectins
[97]. However, not only exogenous but also endogenous Gal-1 can
endow DCs with tolerogenic capacity. In fact, Gal-1-expressing DCs
greatly contributed to the resolution of antigen-specific and
autoimmune diseases [93]. Although the precise molecular mech-
anisms involved in this effect still remain to be explored, recent
studies identified CD69 as a counter-receptor for DC-derived Gal-
1 on T cells, suggesting that a Gal-1-CD69 axis may contribute to
DC-mediated suppression of pro-inflammatory T cell responses
[98]. Moreover, DC expression of Gal-1 mediates, at least in part,
the tolerogenic effects triggered by IL-10 and apoptotic cells
[99,100]. Supporting these findings, shRNA-mediated knockdown
of human galectins on DCs, revealed the importance of Gal-1 and
Gal-3, but not Gal-8, in DC suppression of human T cell responses
[101].

Evidence demonstrating the role of endogenous Gal-3 in pro-
moting mouse regulatory DCs was provided by Bernardes et al.
who showed that DCs devoid of this lectin synthesize greater
amounts of IL-12 in response to Toxoplasma gondii infection
[102]. However, in the context of helminth infection, targeting
Gal-3 on DCs enhanced T-cell cytokine responses both in vitro
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and in vivo, without biasing the immune response toward a Th1 or
Th2 direction [103]. In line with these findings, recent studies
showed that endogenous Gal-3 suppresses Th17 responses during
fungal infections by attenuating secretion of IL-23 on DCs via inhi-
bition of c-Rel/nuclear factor (NF)-x B [104,105]. Thus, at least in
infection models, DC-derived Gal-3 contributes to regulate the
magnitude of Th cytokine responses, suggesting a major regulatory
role of this lectin in regulating the strength and duration of adap-
tive immune responses. Interestingly, elegant studies aimed at elu-
cidating the role of mucins during gut homeostasis showed that
glycans associated with mucin 2 (MUC2) instructed DCs to become
tolerogenic by facilitating the formation of a multimeric complex
formed by Gal-3, the C-type lectin Dectin-1 and the Fc receptor
FcyRIIB. Signaling through this receptor complex activates the f-
catenin transcription factor and inhibits transcription of pro-
inflammatory cytokines via a NF-kB-dependent pathway [106].
More recently, it has been demonstrated that, in addition to the
well-established role of this lectin within conventional DC com-
partments, tumor-derived Gal-3 can also shape effector responses
and defeat cancer immunotherapy strategies by limiting the
expansion of plasmacytoid DCs [107].

In contrast to the tolerogenic activities of Gal-1 and Gal-3, expo-
sure of human and mouse DCs to Gal-9 often evoked pro-
inflammatory responses. Accordingly, Gal-9-treated DCs secreted
higher amounts of IL-12, but not IL-10, elicited the production of
Th1 cytokines [108] and increased the number of Tim-3*CD86"
mature DCs [109]. A mechanistic analysis successfully dissected
the paradoxical T cell regulatory and DC proinflammatory activities
of Gal-9, suggesting that the N- and C-terminal CRDs of this lectin
contribute differently to its multiple functions. While Gal-9-C is
implicated in the regulation of T cell survival, the Gal-9-N is much
more effective in activating DCs by inducing higher tumor necrosis
factor (TNF) and IL-6 production and greater p38 mitogen-
activated protein kinase (p38 MAPK)s and Akt phosphorylation
[110]. Collectively, these studies suggest different roles of individ-
ual members of the galectin family in DC biology. Whereas Gal-1
and Gal-3 augment the tolerogenic properties of DCs, exposure to
the tandem-repeat Gal-9 increases the immunogenic potential of
these cells (see Fig. 2). Whether a galectin-specific signature might
delineate the tolerogenic or immunogenic function of DCs is still an
open question.

5. Alternatively-activated M2-type macrophages and microglia

Cells of the monocyte/macrophage lineage are characterized by
their functional diversity and plasticity. In response to a broad
spectrum of stimuli (e.g. TLR agonists, microbial products or
cytokines), tissue macrophages may undergo M1 (pro-
inflammatory or classically-activated) or M2 (anti-inflammatory
or alternatively-activated) polarization [111]. While M1-type
macrophages are associated with antimicrobial responses, antitu-
mor immunity and pathogenic autoimmune inflammation, M2-
type polarization delineates a variety of biological responses
including tissue repair, immunosuppression, promotion of tumor
angiogenesis and metastasis [111]. The presence of interferon
(IFN)-y or bacterial lipopolysaccharides (LPS) endows macro-
phages with M1-type activity, whereas IL-4 and IL-13 skew the
balance toward an M2-type alternatively-activated profile [112].
Interestingly, M1-type macrophages produce high amounts of
nitric oxide (NO) through activation of inducible nitric oxide syn-
thase (iNOS) and secrete greater amounts of pro-inflammatory
cytokines such as TNF, IL-1 and IL-6, favoring cytotoxic responses,
microbial killing and tissue injury. In contrast, polarization toward
an Mz2-type phenotype involves preferential expression of
arginase-1 and synthesis of IL-10, TGF-p and VEGF [112]. This char-

acteristic phenotype of M2-type cells is accompanied by lower
expression of major histocompatibility complex (MHC) II and
CD11b and up-regulated expression of the chitinase-3-like protein
3, also known as Ym1, a lectin with affinity for glycosaminoglycans
such as heparin and heparan sulfate [112]. Interestingly, similar
but not identical polarization profiles have been observed in cells
of the microglial lineage, and dynamic fluctuations of M1/M2 phe-
notypes have been associated with different stages of brain inflam-
matory diseases including multiple sclerosis, Alzheimer’s disease,
Parkinson’s disease and spinal cord injury. Generally, M1-type
microglia have been associated with neurodegenerative and
demyelinating processes, while M2-type microglia are often a hall-
mark of immune resolution, neuroprotection and repair [113].
Identification of the mechanisms, pathways and molecules associ-
ated with macrophage plasticity and polarization provides an
attractive framework for macrophage-centered therapeutic
strategies.

We have identified the presence of Gal-1 in macrophages [114],
its up-regulated expression in response to macrophage activation
[114,115] and its ability to shift the balance toward an M2-type
profile, as shown by suppression of iNOS expression and NO pro-
duction and up-regulation of arginase activity [ 116]. This inhibitory
function was confirmed in human monocytes, which upon expo-
sure to Gal-1, exhibited a dose-dependent reduction of IFN-vy-
induced MHC II expression and MHC II-dependent antigen presen-
tation [117]. Supporting these findings, exposure to Gal-1 inhibited
arachidonic acid release and prostaglandin E2 (PGE,) synthesis
[118] and favored the conversion of macrophages toward a
pro-resolving phenotype, characterized by CD11b'" surface
expression, up-regulated activity of the 12/15-lipoxygenase
(a pro-resolving enzyme), loss of phagocytic capacity (efferocytic
satiation) and diminished TNF and IL-1 secretion [119], suggesting
that exogenous Gal-1 may favor alternative M2 activation, de-
activation or promotion of a pro-resolving state within the mono-
cyte/macrophage compartment. In this regard, one might speculate
that phagocytic clearance of dying cells or cells exposing phos-
phatidylserine as a result of Gal-1 treatment, might also contribute
to the generation of M2-type macrophages and restoration of
immune cell homeostasis [120,121]. Supporting these findings,
macrophages from mice lacking the f1,3-N-
acetylglucosaminyltransferase 2 (B3GnT2), an enzyme required
for extending poly-LacNAc residues (specific ligands for galectins),
showed a greater activation profile upon challenge with inflamma-
tory stimuli compared with their wild-type counterpart [122].

Interestingly, in a model of autoimmune neuroinflammation,
we found that astrocytes produce high amounts of Gal-1 which
was sufficient to convert inflammatory M1-type microglia toward
a neuroprotective anti-inflammatory M2-type phenotype. Mecha-
nistically, astrocyte-derived Gal-1 bound to core 2-O-glycans on
CD45, retained this glycoprotein on the surface of microglia cells
and increased its phosphatase activity, thereby promoting micro-
glia de-activation. This effect involved modulation of the p38
MAPK, cyclic adenosine monophosphate (cAMP) response
element-binding (CREB) and NF-kB-dependent pathways and sup-
pression of pro-inflammatory cascades mediated by iNOS, TNF and
the chemokine (C-C motif) ligand 2 (CCL2) [123]. As a result,
alternatively-activated M2 microglia prevented inflammation-
induced neurodegeneration and abrogated the demyelination pro-
cess [123]. This inhibitory effect, together with the direct neuro-
protective role of Gal-1, mediated by the neuropilin-1 (NRP1)-
Plexin A4 complex [124], contributes to promote axonal regenera-
tion, tissue repair and CNS homeostasis. Notably, although exoge-
nous Gal-1 favored an M2 activation phenotype, polarization of
human monocytes into M1 or M2 profile was followed by profound
changes in intracellular Gal-3, but not Gal-1 expression [125], sug-
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gesting divergent, although complementary roles of galectins in
tailoring macrophage polarization and function.

Within the immune system, Gal-3 was originally defined as
Mac-2 antigen or IgE-binding protein (€BP), and found to be pref-
erentially expressed in tissue macrophages and mast cells [126-
128]. Research over the past few years revealed that, in addition
to the well-established roles of Gal-3 in controlling macrophage
survival and phagocytosis [129,130], this lectin also serves to
induce alternative activation of these cells [131]. Accordingly,
Gal-3 null (Lgals3~/~) mutant mice showed defects in IL-4/IL-13-
induced alternative macrophage activation in bone marrow-
derived macrophages in vitro and in resident lung and recruited
peritoneal macrophages in vivo, without affecting IFN-y/LPS-
induced classical activation or IL-10-induced deactivation [131].
In contrast, in a model of liver hepatotoxicity, Gal-3 deficiency
resulted in suppression of M1-type pro-inflammatory, but not
M2-type macrophage infiltrates [132]. Likewise, high Gal-3 expres-
sion was found to be a hallmark of M1-type macrophages in pan-
creatic inflammatory infiltrates in a model of type-2 diabetes
[133]. Moreover, in human peripheral blood monocytes, Gal-3
enhanced IL-10 production, thus contributing to de-activation of
these cells [134]. Taken together, these results suggest context-
dependent regulation of monocyte/macrophage polarization by
Gal-3, which could result from the differential expression of pro-
versus anti-inflammatory cytokines in target tissues or the
in vivo evaluation of fresh liver macrophages versus in vitro differ-
entiated bone marrow-derived macrophages.

Interestingly, recent studies by Burguillos and colleagues ele-
gantly showed that Gal-3 serves as an endogenous paracrine ligand
for TLR4 on microglia cells, shifting the balance toward an M1-type
phenotype, which accentuates CNS inflammation [135]. In accor-
dance with these findings, cuprizone (CPZ)-treated mice displayed
heightened M1 microglial activation associated with ectodermal
dysplasia protein 1 (ED1) expression and pronounced upregulation
of the phagocytic triggering receptor expressed on myeloid cells 2
(TREM-2b), while this effect was not observed in CPZ-treated Lgal-
s3~/~ mice [136]. The pro-inflammatory effects of Gal-3 on micro-
glial cells were found to be mediated by modulation of the Janus
kinase (JAK)-STAT signaling pathway [137]. Likewise, Gal-2 was
found to function as a pro-inflammatory factor that skews human
macrophages toward an M1-like phenotype through binding to
CD14 and activating the TLR4 signaling [138]. This pro-
inflammatory profile was also suggested in earlier studies demon-
strating that Gal-2 expression in macrophages links the
lymphotoxin-o cascade with myocardial infarction [139]. Finally,
although Gal-9 treatment ameliorated autoimmune arthritis,
inhibited FcyR expression and expanded immunosuppressive
CD11b*Ly-6C" macrophages [140], association of Gal-9 with Tim-
3 on microglia cells promoted tissue inflammation in a model of
CNS autoimmunity [141]. These discrepancies could be explained,
at least partly, by cis-association of Gal-9 to Tim-3 within the
macrophage surface, which amplifies TLR signaling and favors
pro-inflammatory responses, as opposed to the inhibitory effects
of Tim-3 upon delivery of this lectin in trans [142]. Thus, distinct
members of the galectin family, function intracellularly or extra-
cellularly, to regulate macrophage polarization and activation
thresholds, thereby influencing the magnitude and resolution of
acute and chronic inflammatory processes (see Fig. 2).

6. Myeloid-derived suppressor cells

Myeloid-derived suppressor cells represent a heterogeneous
population of immature and mature myeloid cells that expand
and accumulate under pathological conditions, such as cancer,
acute and chronic infections, trauma and autoimmune diseases.

These cells have been identified in most patients and experimental
tumor models based on their ability to dampen effector T cell
responses [143]. Recently, two major subtypes of MDSCs have been
identified in mice and human, namely granulocytic MDSCs (G-
MDSCs) and monocytic MDSCs (M-MDSCs) based on morphology,
phenotype and functional differences. In mice G-MDSCs have a
CD11b*Ly-6G*Ly-6C'°" phenotype, whereas M-MDSCs display a
CD11b*Ly-6GLy-6C"#" phenotype as the Ly-6G molecule is
known to be expressed primarily on granulocytes, whereas Ly-6C
is typically highly expressed on monocytes. On the other hand,
recent studies have implicated CD15 and CD66b as potential mark-
ers allowing discrimination of granulocytic and monocytic MDSCs
in humans. Interestingly, G-MDSCs primarily use reactive oxygen
species (ROS) as the predominant mechanism of immune suppres-
sion, whereas M-MDSCs primarily use NO, arginase and inhibitory
cytokines to blunt T cell responses [144]. Investigation of the stim-
uli that regulate expansion and accumulation of MDSCs in the
blood, lymph nodes and tumor sites, revealed multiple pro-
inflammatory factors including PGE,, IL-1, IL-6, VEGF and HYPER-
LINK “https://en.wikipedia.org/wiki/S100_protein” \o “S100 pro-
tein” S100 calcium-binding protein A8/A9 (S100A8/A9),
suggesting a link between inflammation, immunosuppression
and tumor growth [4]. Interestingly, the immunoregulatory activ-
ity of MDSCs can be positively or negatively influenced by a myriad
of tumor-derived cytokines and growth factors or by treatment
with pharmacological agents [143,145]. Thus, targeting MDSCs
either in combination with cancer immunotherapy or vaccination
strategies appears to be a clinically promising strategy to overcome
immunosuppression and potentiate immune responses. In con-
trast, promotion of their expansion or accumulation in inflamed
tissues, may contribute to alleviate undesired responses in settings
of autoimmune inflammation and graft rejection.

Although the impact of galectins within the MDSC compart-
ment has not been studied in such detail as other regulatory cell
populations, Dardalhon and colleagues found that activation of
the Gal-9/Tim-3 pathway increased the number of CD11b*Ly-6G*
G-MDSCs which negatively controlled T cell responses in vivo
[146]. Similarly, in a model of myocarditis, Gal-9 remarkably
increased the frequency of CD11b*Gr-1* MDSCs in cardiac tissue
and spleens of treated mice, although in this case, a Ly-6C" M-
MDSC population was favored [147]. Alterations in the frequency
of granulocytic and monocytic MDSCs were recently observed
under Gal-3 deficiency in a mouse model of lung inflammation,
suggesting that Gal-3 also controls the fate of this immunoregula-
tory cell population [148]. Likewise, silencing Gal-1 expression sig-
nificantly decreased the frequency of brain-infiltrating MDSCs in
models of glioblastoma [149]. Finally, a circuit linking microbiota,
tumor-promoting inflammation and immunosuppression via a
galectin-dependent mechanism was recently identified. In TLR5-
responsive tumors, systemic IL-6 induced by commensal bacteria
drove the mobilization of G-MDSCs, which in turn promoted
expansion of Gal-1-secreting y5 T lymphocytes, which dampened
antitumor immunity and accelerated malignant progression [58].
Although further evidence is still required, these results suggest
that a coordinated galectin network may act in concert to differen-
tially control MDSC programs (see Fig. 2).

7. Mesenchymal stem cells

Mesenchymal stem cells (MSCs) are non-hematopoietic progen-
itor cells with the potential to regenerate tissues and differentiate
into a variety of cell types. They have generated great interest
because of their broad immunomodulatory potential, mainly due
to secretion of soluble factors such as TGF-B, IDO and PGE,, which
could be exploited for the treatment of autoimmune disorders and
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prevention of GvHD and graft rejection [150]. Seeking for novel
mediators of the immunoregulatory activity of these cells, Gieseke
and colleagues identified Gal-1 as a major contributor to MSCs-
induced immunosuppression. Knocking down Gal-1 in human
MSCs resulted in a significant loss of their immunoregulatory
activity compared with MSCs infected with non-targeting
sequences. Whereas Gal-1 silencing partially restored proliferation
of CD4" and CD8" T cells and augmented the release of T-cell
derived cytokines, MSC-induced inhibition of natural killer (NK)
cell activity was unaffected [151]. Interestingly, Gal-1 and Gal-3
were constitutively expressed in MSCs [152], whereas Gal-9 was
readily induced upon exposure to pro-inflammatory or activating
stimuli to inhibit T cell and B cell proliferation [153,154]. In vivo,
Gal-1 also contributed to suppression of acute liver injury induced
by tonsil-derived MSCs [155], and, together with Gal-3, influenced
the immunoregulatory activity of human umbilical cord blood-
derived MSCs [156,157]. These findings suggest that independently
of their tissue origin, MSCs may blunt T-cell responses through
galectin-dependent mechanisms.

8. Conclusions and perspectives

Understanding the environmental stimuli, soluble factors and
molecular networks that govern the induction, differentiation,
accumulation, function and stability of regulatory immune cell
populations is critical to defining the pathophysiology of
immune-mediated diseases and to developing new therapeutic
interventions. In the present review we focus on the relevance of
galectins, an endogenous family of immunoregulatory glycan-
binding proteins, in the fate and function of lymphoid and myeloid
regulatory cells including Tregs (Foxp3* nTregs, Foxp3* iTregs and
Foxp3~ Tr1 cells), Bregs, tolerogenic DCs, M2-type macrophages,
MDSCs and MSCs. Like many cytokines and growth factors, it is
not surprising that galectins may exhibit a ‘double-edge sword’
effect with opposing biological outcomes depending on different
intrinsic factors such as their concentrations in local tissues, their
extracellular versus intracellular localization, their subcellular
compartmentalization, as well as biochemical features including
the degree of multimerization and their stability in oxidative ver-
sus reducing microenvironments. Moreover, as galectin—-glycan
lattices can regulate the dynamics of glycosylated binding partners
and control receptor segregation, internalization and downstream
signaling [18], biochemical factors that govern these cellular
events may also play a role in dictating the stimulatory or inhibi-
tory effects of individual members of the galectin family. Further-
more, since glycosylation patterns and expression of galectin-
specific ligands may differ substantially among different regulatory
cell populations, the overall effect of individual galectins may also
depend on extracellular factors including the activation and differ-
entiation state of target cells and their preferential localization in
different tissues.

In light of the broad spectrum of immunosuppressive effects
and their relevance in re-wiring immune regulatory cell networks,
challenges for the future will embrace a rational manipulation of
galectin-glycan interactions toward attenuating immune
responses in autoimmune diseases, allergic reactions, graft rejec-
tion and recurrent fetal loss. However, before galectin-based ther-
apeutic agents can be extrapolated to clinical settings, a more
thorough understanding of the mechanisms involved in galectin
functions, their distribution and stability in inflamed tissues and
their potential ‘off-target’ effects is required. In this regard, it will
be critical to evaluate the results of side-by-side studies of the
immunomodulatory activities of individual family members on
particular regulatory cell types and to examine their function in
pro-inflammatory and tolerogenic microenvironments.

As a reverse side of the same coin, interrupting galectin-
mediated signaling pathways, using glycomimetics, pep-
tidomimetics, small molecule inhibitors, glycodendrimers or neu-
tralizing antibodies, may contribute to overcome
immunosuppression and to potentiate anti-cancer and anti-
microbial host immunity. Finally, a definitive proof-of-concept of
the relevance of galectins in different regulatory compartments
will arise from tissue-specific deletion of individual galectins or
relevant glycosyltransferases and their connection with specific
physiologic or pathologic conditions. Further studies should also
be conducted to identify individuals with relevant primary genetic
defects or polymorphisms associated to inflammatory or neoplas-
tic settings, similarly to those found for Gal-2 gene (LGALS2) in
myocardial infarction [139] and for Gal-3 gene (LGALS3) in breast
cancer [158]. Given the complexity of the galectin network and
their glycosylated and non-glycosylated counter-receptors, as well
as the multiple parameters governing their localization and molec-
ular interactions, further work is warranted to achieve a global
comprehensive view of the relevance of these proteins within reg-
ulatory cell compartments and to dissect their individual roles in
physiologically- and clinically-relevant settings.
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