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Introduction

Abstract

Inflammation is a critical process for eliminating pathogens, but can lead to
serious deleterious effects if left unchecked. Identifying the endogenous factors
that control immune tolerance and inflammation is a key goal in the field of
immunology. Galectins, a family of endogenous lectins with affinity for f-gal-
actoside-containing oligosaccharides, are expressed by several cells of the
immune system and tissue-resident stromal cells. According to their architec-
ture, this family of glycan-binding proteins is classified in those containing
one-carbohydrate-recognition domain (CRD) (proto-type), those containing
two-CRD joined by a linker non-lectin domain (tandem-repeat) and those that
have one-CRD attached to an N-terminal peptide (chimera-type). Accumula-
ting evidence indicates that galectins play critical regulatory roles in immune
cell response and homeostasis. In this review, we summarize recent develop-
ments in our understanding of the galectins’ roles within different immune
cell compartments, and in the broader context of the inflammatory microenvi-
ronments. In particular we illustrate the immunoregulatory role of three repre-
sentative members of each galectin subfamily: galectin-1, -3 and -9. This body
of knowledge, documenting the coming of age of galectins as potential immu-
nosuppressive agents or targets for anti-inflammatory drugs, represents a sound
basis to further explore their potential as novel therapies for autoimmune dis-
eases, chronic inflammation and cancer.

immunologists as novel regulators of the inflammatory
response [2—7]. As the identification of discoidin-1 in the

The immune system has a remarkable set of mechanisms
that work in concert to maintain self-tolerance and home-
ostasis. Several mechanisms act together to ensure self-
tolerance, including activation-induced cell death, anergy,
expansion of regulatory T cells and cytokine deviation.
Lack of activation-induced cell death, an improper bal-
ance of T helper (Th)-1, Th2 and Th-17-derived cytok-
ines, or the absence of regulatory T cells can result in the
loss of immune cell tolerance, the breakdown of immune
homeostasis and the subsequent appearance of exacerbated
inflammatory conditions and autoimmune diseases.
Regulated glycosylation control critical immune pro-
cess, including T-cell activation, homing and survival, by
creating or masking ligands for endogenous lectins [1].
Galectins, a family of evolutionarily conserved glycan-
binding proteins has recently attracted the attention of
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cellular slime mold Dictyostelium discoidenm and electrolec-
tin in the electric organ tissue of the electric eel early
during 1979s [2, 4], the family of f-galactoside-binding
lectins or galectins have received increasing attention.
However, it was only in the late 1990s that a growing
body of experimental evidence emerged, illuminating a
novel role for galectins in the regulation of physiological
or pathological processes, particularly in the control of
immune cell homeostasis and inflammation [2, 7].
Galectins are defined by a conserved carbohydrate-
recognition domain (CRD) with affinity for f-galacto-
sides [2—4]. To date, 15 mammalian galectins have been
identified, which can be subdivided into three groups:
the single-CRD proto-type galectins (including galectins-
1, -2, -5-, -7, -10, -13, -14 and -15); the tandem-repeat
galectins are those that have two-CRD joined by a linker
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144 Tuning the Inflammatory Response with Galectins

peptide of variable length (galectins-4, -6, -8-, -9 and
-12), and the unique ‘chimera-type’ galectin-3, which
contains a single CRD fused to unusual tandem repeats
of short amino acid stretches [2, 4]. Of these 15 members
it should be highlighted that the inclusion of Gal-11,
which was first characterized as a lens-specific protein
called GRIFIN
remains controversial.

(galectin-related interfibre
Gal-11
the seven key amino acid residues conserved in most

protein)
In fact, lacks two of
galectin CRD and does not display f3-galactoside-binding
activity [4].

Many galectins are either bi- or multivalent with
regards to their carbohydrate-binding activities — some
one-CRD (e.g. galectin-1) galectins exist as dimers; two-
CRD galectins have two carbohydrate-binding sites in
tandem, and galectin-3 forms oligomers when it binds to
multivalent carbohydrates [5]. Cross-linkage of cell-sur-
face receptors by galectins can trigger transmembrane
signalling events through which diverse processes, such
as proliferation, cytokine secretion and differentiation are
modulated [6]. Remarkably, the responsiveness of cells to
individual members of the galectin family can fluctuate
depending on the repertoire of potentially glycosylated
molecules expressed on the cell surface and the activities
of specific glycosyltransferases that are responsible for
generating galectin ligands. These variables can dramatic-
ally change according to the differentiation and activation
state of the cells [7].

Although galectins do not contain signal peptides to
direct them through the classical endoplasmic reticulum—
Golgi apparatus secretory system, they can be secreted by
non-classical secretory pathways [4]. Once outside the
cell, galectins bind to, and cross-link multiple glycocon-
jugates found on the cell surface or in the extracellular
matrix (ECM) [4]. Although most mammalian galectins
bind preferentially to glycoconjugates containing the
ubiquitous  disaccharide N-acetyllactosamine [Galf1-
3GlcNAc or Galf1-4GIcNAc], binding to individual
lactosamine units is of relatively low affinity (Kd~1
mM), and arrangement of lactosamine disaccharides in
repeating chains (polylactosamine) increases binding avid-
ity. Moreover, detailed structural analysis of the CRD
suggests subtle differences in carbohydrate-binding
specificities of individual members of this family [5].
Whether differences in saccharide specificity might be
responsible for distinct biological effects in response to
individual remains to be
established.

Some galectins are distributed in a wide variety of tis-

galectin  binding, still

sues, where as others have a more restricted localization
[7]. Within the immune system, galectins are found in
activated macrophages, activated B cells, dendritic cells
and activated T cells [7-10]. Moreover, recent studies
using gene expression arrays have indicated elevated
expression of galectins in CD4"™ CD25" regulatory T cells
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[11-14]. The expression of galectins is regulated during
the activation and differentiation of immune cells and
may be significantly altered under several pathological
conditions [15]. In addition, as will be discussed later
expression of galectins can be modulated by several
cytokines, chemokines, hormones and differentiating
agents [3, 6]. Although, several regulatory elements have
been identified in promoter regions of galectin genes, the
molecular mechanisms involved in the regulated expres-
sion of most galectins are not well understood.

Accumulating evidence has shown that galectins play
a role in the initiation and resolution phases of inflamma-
tory responses by promoting anti- or pro-inflammatory
effects (Fig. 1). In this regard, it has been recently hypo-
thesized that the same galectin may exert pro- or anti-
inflammatory effects depending on multiple factors, such
as the concentration reached in inflammatory foci, the
extracellular microenvironment and the particular target
cells impacted [15]. It has been suggested that multiva-
lency of individual members of the galectin family, their
biochemical and biophysical properties, and their cross-
linking activity might determine different biological
responses by inducing aggregation of specific cell surface
glycoreceptors, which in many cases, are associated with
different signal transduction events [5].

Here, we focus on the role of three members of the
galectin family (galectin-1, -3 and -9), each representative
of a different subfamily, in the regulation of autoimmune
and inflammatory responses and discuss their potential
role as selective anti-inflammatory agents or targets for
anti-inflammatory drugs.

Galectin-1
Functions of galectin-1 demonstrated in vitro

Impact of galectin-1 in T-cell growth and survival

Galectin-1 can control T-cell growth and apoptosis of
human and murine T cells during the development in
the thymus and after stimulation in the periphery [9,
16-19]. Different cell surface glycoconjugates appear to
be primary receptors for galectin-1, such as CD45,
CD43, CD2, CD3 and CD7 [20-23]. Interestingly, galec-
tin-1 binding to T cells results in a marked redistribu-
tion of these glycoproteins into segregated membrane
microdomains [22]. Furthermore, it has been demonstra-
ted that specific glycosylation of these glycoproteins is a
critical determinant factor that affects the T-cell response
to galectin-1. For example, CD45 can positively or neg-
atively regulate galectin-1-induced T-cell death, depend-
ing on its glycosylation status [21]; CD45" T cells
lacking the core 2f-1,6 N-acetylglucosaminyltransferase
(C2GnT), an enzyme responsible for creating branched
resistant

structures on O-glycans, are to galectin-1-
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Figure 1 Role of galectin-1, -3 and -9 in the development and resolution of inflammatory responses. This scheme illustrates the influence of individ-

ual members of the galectin family in different immune processes, including immune cell activation, survival, cytokine production, cell adhesion and
migration and the function of regulatory cells. Galectins are represented according to their biochemical structure: Galectin-1 is a prototype (one-CRD)

galectin which can dimerize; galectin-9 belongs to the tandem-repeat family and has two distinct CRD in tandem, connected by a linker of up to 70

amino acids and galectin-3 consists of unusual tandem repeats of proline-and glycine-rich short stretches fused onto the CRD.

induced death [21]. In addition, it has been demonstrated
that T-cell susceptibility to galectin-1-induced cell death
can be negatively regulated by the ST6Gall sialyltransf-
erase which selectively modifies N-glycans on CD45 to
reduce galectin-1 binding to the cells and abrogate sig-
nalling through the CD45 intracellular domain [24].
Therefore, critical factors that determine the responsive-
ness of cells to galectin-mediated signals include both
the repertoire of glycoproteins expressed on the cell sur-
face and the activities of specific glycosyltransferases that
are responsible for glycosylating these proteins and gener-
ating galectin ligands. These variables can change accord-
ing to the state of activation and differentiation of
lymphoid cells.

The signal transduction events that lead to apoptosis
induced by galectin-1 involve several intracellular media-
tors of apoptosis, including, in some cases, induction of
specific transcription factors (i.e. AP-1) and the modula-
tion of BCL2 protein production [25], the activation of
caspases and cytochrome ¢ release [26], and the involve-
ment of proximal signals, such as p56'* and ZAP70
[27]. Interestingly, recent evidence indicates that acid
sphingomyelinase-mediated release of ceramide is essen-
tial to trigger the mitochondrial pathway of apoptosis
induced by galectin-1 [28]. However, another work has
shown that galectin-1 induced T-cell death can occur in
a caspase-independent fashion and can proceed in the
absence of de novo protein synthesis, implying that expres-
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sion of transcription factors is not required for all T cells
to be susceptible to galectin-1 [29].

Interestingly, Endharti ez 2/ [30] demonstrated that,
in contrast to the pro-apoptotic role of galectin-1 on acti-
vated T cells, secretion of this protein by stromal cells is
capable of supporting the survival of naive T cells with-
out promoting proliferation. Thus, it seems apparent that
galectin-1 might trigger different signals (i.e. apoptosis
or survival) and even different apoptosis end points
depending on a number of factors including the activa-
tion state of the cells, the spatiotemporal expression of
specific glycosyltransferases, the general context of the
cell culture, biochemical properties of purified galectin-1
(monomeric versus dimeric forms) and/or the nature of
the target cell (activated, differentiated or resting periph-
eral T cells). These apparent discrepancies remain to be
elucidated in future work by addressing the potential role
of endogenous galectin-1 in the regulation of apoptosis
in vivo and the effects of different microenvironments in
the apoptotic and immunoregulatory activities of this
carbohydrate-binding protein.

Galectin-1 in the regulation of T-cell recepror-dependent
signalling and cytokine production

Galectin-1 has been shown to affect early T-cell receptor
(TCR)-dependent signals during T-cell activation. Vespa
et al. [31] found that galectin-1 inhibits TCR-induced
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interleukin-2 (IL-2) production and proliferation in a
murine T-cell hybridoma clone and freshly isolated
mouse thymocytes. Interestingly, the same group further
demonstrated that galectin-1 antagonizes TCR signals
that require costimulation such as IL-2 production, while
allowing TCR responses that only require partial TCR
signals, such as CDG69 upregulation and apoptosis. The
authors showed that galectin-1 can modulate the immuno-
logical synapse by blocking TCR/costimulator-dependent
lipid raft clustering at the TCR constant site [32].

Although the precise mechanisms still remain to be
elucidated, different members of the galectin family have
been shown to positively or negatively influence the pro-
duction of a wide range of anti- or pro-inflammatory
cytokines. We have reported that recombinant galectin-1,
at low concentrations (approximately 0.01-01 um), can
inhibit the secretion of pro-inflammatory cytokines, such
as tumour necrosis factor-o¢ and interferon-y (IFN-}) by
activated T cells without inducing T-cell apoptosis [33].
Interestingly, this concentration is significantly lower
than that required for galectin-1 to dimerize (approxi-
mately 7 um). In addition, we have shown that galectin-1
inhibits the allogeneic T-cell response through apoptotic
and non-apoptotic mechanisms [19]. Interestingly, in this
study we found selective inhibition of Thl cytokine pro-
duction in the viable non-apoptotic T-cell population
[19], suggesting that several galectin-1-mediated mecha-
nisms may operate to achieve immunosuppression 7z vivo
(see below). Furthermore, van der Leij ez a/. [34] reported
a marked increase in IL-10 mRNA and protein levels in
non-activated and activated CD4" and CD8" T cells fol-
lowing exposure to recombinant galectin-1. In addition,
the authors generated leucine-zipper based stable galec-
tin-1 homodimers and recently found that this stable
efficiently induce apoptosis,
increase IL-10 and decrease IL-2 secretion at 100-fold
lower concentrations compared with wild type recombin-
ant galectin-1 [34].

dimeric galectin-1 can

Certainly, one of the most consistent findings among
the literature is the ability of galectin-1 to skew the bal-
ance from a Thl- toward a Th2-polarized immune
response in different experimental models of chronic
inflammation, autoimmunity and cancer [35—41]. Investi-
gation of cytokine balance in draining lymph nodes and
spleens from mice treated with recombinant galectin-1
revealed decreased amounts of IFN-y and IL-2 and high
levels of IL-5, IL-10 and TGF-f production.

Galectin-1 and regulatory T cells

In addition to activation-induced cell death and induc-
tion of anergy, avoidance of collateral damage to the host
is also achieved by active immune suppression mediated
by T regulatory cell populations. We found that treat-
ment with recombinant galectin-1 in the efferent phase
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of autoimmune ocular inflammation results in increased
IL-10 and transforming growth factor-f§ (TGF-f}) produc-
tion and expansion of regulatory T-cells iz vivo [38].
Adoptive transfer of regulatory T cells obtained from
galectin-1 treated mice prevented the development of
autoimmune disease in naive recipient mice [38]. Inter-
estingly, recent studies demonstrated by DNA microarray
analysis that Lga/s] mRNA (the transcript encoding
galectin-1 protein) is overexpressed in naturally-occurring
regulatory T cells [11, 12], and that blockade of galectin-
1 significantly reduced the suppressive effects of human
and mouse CD4" CD25" regulatory T cells [12]. These
findings indicate that expression of galectin-1 is an
important component of the suppressive activity of T
regulatory cells, thus providing another potential mech-
anism for the immunoregulatory potential of this glycan-
binding protein. Importantly, further studies are needed
to establish a definitive role for galectin-1 in the immuno-
suppressive capacity of regulatory T cells iz vivo and the
mechanisms responsible for its overexpression on regula-
tory versus effector T cells.

Influence of galectin-1 in lymphocyte adbesion and migration

Adhesion and migration of immune cells across blood-
vessel walls and through ECM barriers are instrumental
processes in maintaining homeostasis during ongoing
inflammatory responses. We found that exposure to
galectin-1 inhibited T-cell adhesion to ECM glycopro-
teins, such as fibronectin and laminin [33]. In addition,
galectin-1 present on the surface of the ECM reduced the
ability of T cells to migrate through the matrix; this
effect required CD43 clustering but was independent of
the presence of core 2 0O-glycans [42]. Hence, it is becom-
ing increasingly apparent that apoptosis may only parti-
ally explain the immunosuppressive properties of
galectin-1; T cells that are refractory to apoptosis may be
subject to suppression of pro-inflammatory cytokine
secretion, inhibition of their migratory capacity and tar-
geting for phagocytic removal. The cross-talk between
different biological effects mediated by galectin-1 still

remains to be investigated.

Role of galectin-1 in the regulation of B-cell physiology

been accumulated
regarding the effects of galectin-1 on T-cell fate, limited

Whereas compelling evidence has

information is available on how galectin-1 may impact
on B lymphocytes. A pioneer study by Gauthier e /.
[43] demonstrated that galectin-1 expressed by stromal
cells acts as a ligand of the pre-B-cell receptor (BCR)
implicated in synapse formation between pre-B and stro-
mal cells. The authors found that pre-BCR binding to
stromal cells depends upon galectin-1 anchoring to gly-
cosylated counter-receptors and these complexes relocalize

© 2007 The Authors
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at the contact zone to form the immunological synapse
[43]. The authors recently extended their findings show-
ing that ayf}; (VLA-4), asf; (VLA-5), and ayf3; integrins
are the major receptors for galectin-1 during pre-BCR
relocalization, activation and signalling [44]. Thus, galec-
tin-1 is critical during B-cell progenitor development in
the bone marrow compartment. At the peripheral level, a
significant increase in galectin-1 expression was found in
stimulated B cells receiving signals via cross-linking of
the BCR and CD40 [10]. Interestingly, no changes in
B-cell survival were found following exposure of galectin-
1 in vitro independently of the activation state of these
cells [10]. In search for genes differentially transcribed in
anergic B cells, Clark er @l [45] recently found, using
representational difference analysis that Lga/ls] and Lgals3,
the genes encoding galectin-1 and -3 are significantly
overexpressed in anergic B cells tolerized by self antigens.
These findings prompt further exploration of the role for
galectins as regulators of B-cell tolerance and homeo-
stasis.

Impact of galectin-1 on cells of the myelomonocytic lineage

Previous results from our laboratory showed that galec-
tin-1, similarly to Th2- and Th3-type cytokines, inhibits
nitric oxide synthesis, favouring instead the expression of
arginase (the alternative metabolic pathway of L-arginine)
in activated peritoneal macrophages [46]. In addition, we
have recently shown that galectin-1 can differentially
regulate the expression and function of critical regulatory
molecules (i.e. FcyRI and major histocompatibility class
II) on human monocytes and mouse
through a non-apoptotic ERK1/2-mediated pathway

macrophages

[47]. This effect was clearly observed in macrophages
recruited in response to inflammatory stimuli following
treatment with recombinant galectin-1 and further
confirmed in cells obtained from galectin-1-deficient
(Lgﬂ/J]’/’) mice [47]. This result together with our
previous observations that galectin-1 favours arginase
activity [44], suggests that this endogenous lectin might
promote a state of ‘alternative activation’ or ‘deactivation’
in elicited macrophages. However, the pathophysiological
role of galectin-1-stimulated macrophages in pathological
settings including autoimmune processes, infection and
cancer still remains to be established.

Concerning the influence of galectins on dendritic cell
function, Lee’s group reported the ability of exogenous
galectin-1 to augment dendritic cell secretion of pro-
inflammatory cytokines, and to influence dendritic cell
migration through the ECM [48] Similarly, it has been
demonstrated that dendritic cells engineered to overex-
press galectin-1 are highly activated; these transgenic
dendritic cells can stimulate naive T cells and induce
apoptosis of activated T cells [49], consistent with find-

ings described in previous sections.

© 2007 The Authors
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In addition to its role in adaptive immune response,
galectin-1 has been shown to affect innate immunity and
attenuate the acute inflammatory response [50, 51]. We
have shown that galectin-1 ameliorates phospholipase
Aj-induced oedema by blocking neutrophil extravasation
in vivo [50]. In addition, La ez /. [51] found that galec-
tin-1 inhibits transendothelial migration and chemotaxis
of neutrophils. Furthermore, Stowell ez #/. [52] reported
that galectins-1, -2 and -4 can induce phosphatidylserine
exposure in activated human neutrophils without affect-
ing their survival. Further studies are warranted to dis-
sect the precise role of individual members of the
galectin family in neutrophil-mediated immune functions
and the regulation of innate immunity.

Effects of galectin-1 demonstrated in vivo

Regulation of autoimmunity and chronic inflammation

Galectin-1 has been proposed to be, in general, a negat-
ive regulator of inflammatory and autoimmune responses
in vivo [7]. Early in the 1980s, Levi et a/. [53] reported
the preventive and therapeutic effects of electrolectin, a
galectin-1 homologue purified from the fish Electrophorus
electricus, in an experimental model of autoimmune myas-
thenia gravis in rabbits. As then, the anti-inflammatory
properties of galectin-1 have been evaluated in several
models of chronic inflammation and autoimmunity inclu-
ding experimental autoimmune encephalomyelitis (EAE)
[54], collagen-induced arthritis (CIA) [35], concanavalin
A-induced hepatitis [36], hapten-induced colitis [37],
interphotoreceptor-binding protein-induced uveitis [38],
autoimmune diabetes [39] and graft versus host disease
(GvHD) [40].

Offner er al. demonstrated that galectin-1 prevented
the development of clinical and histopathological signs of
EAE in Lewis rats [54]. Although the mechanisms of
action of galectin-1 were not investigated in this study,
the authors proposed that galectin-1 might block the
sensitization and activation of encephalitogenic T cells.

In 1999, our group demonstrated that a single cell
injection of syngeneic fibroblasts engineered to secrete
galectin-1 on the day of the disease onset abrogated clin-
ical and histopathological manifestations of CIA, an
experimental model of rheumatoid arthritis (RA) in
DBA/1 mice [35]. This effect was also observed in
response to daily injection of recombinant galectin-1.
Insights into the mechanisms involved in this immuno-
regulatory effect revealed a critical role for galectin-1 in
skewing the balance from Thl- toward Th2-polarized
immune responses. In addition, lymph node cells from
mice engaged in the galectin-1 gene therapy protocol had
increased susceptibility to antigen-induced apoptosis [35].

Similarly, Santucci ez /. [36, 37] found that galectin-
1 treatment prevented tissue injury and T-cell mediated
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inflammation in animal models of concanavalin
A-induced hepatitis and hapten-induced colitis. Here,
galectin-1 treatment induced a reduction in the number
of antigen-activated mucosal T-cells and a decreased
secretion of pro-inflammatory and Thl cytokines.

The immunoregulatory effects of galectin-1 have also
been investigated in experimental autoimmune uveitis
(EAU), a T-cell mediated model of retinal disease [38].
Treatment with galectin-1 either early or late during the
course of EAU was sufficient to suppress clinical ocular
pathology and to counteract pathogenic Thl cells.
Administration of galectin-1 ameliorated retinal inflam-
mation by skewing the uveitogenic response towards
non-pathogenic Th2- or T regulatory-mediated anti-
inflammatory responses [38]. These results highlight the
ability of this endogenous lectin to counteract Thl medi-
ated responses through different, but potentially overlap-
ping
striking correlation was observed between the levels of

anti-inflammatory mechanisms. Remarkably, a
anti-retinal galectin-1 autoantibodies in sera from uveitic
patients and the severity of autoimmune retinal inflam-
mation [55]. However, further work remains to be per-
formed to elucidate the pathophysiological role of these
autoantibodies and their clinical significance as disease
markers.

In addition, recent evidence indicates that dendritic
cells engineered to overexpress galectin-1 can delay the
onset of autoimmune diabetes and insulitis when tar-
geted to inflammatory sites [39]. Interestingly, this
therapeutic effect was accompanied by increased per-
centage of apoptotic T cells and reduced number of
IFN-y-secreting CD4" T cells in pancreatic lymph
nodes [39].

Finally, regarding the immunosuppressive activity of
galectin-1 in a transplantation setting, Baum et al
investigated the efficacy of galectin-1 treatment in a
murine model of GvHD and found that 68% of galec-
tin-1-treated mice survived, compared with 3% of vehi-
mice  [40].

autoimmune models, Thl

cle-treated Similar to findings in

cytokines were markedly
reduced, while production of Th2 cytokines was similar
between galectin-1-treated and control animals [40].
Thus, galectin-1 can restore immune cell tolerance in
several autoimmune, transplantation and inflammation
settings by acting as an anti-inflammatory and immuno-
regulatory cytokine. From a therapeutic standpoint,
these findings suggest the potential use of galectin-1 for
the selective treatment of Thl and Th-17-mediated

inflammatory disorders.

Galectin-1 in tumour immunity

Interestingly, expression of galectin-1 (as well as other
galectins) in cancer cells and cancer-associated stroma
positively correlates with the aggressiveness of different
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tumour types [6]. Using a combination of iz wvitro and
in vivo strategies, we have demonstrated a role for galec-
tin-1 in tumour-induced immunosuppression [41]. Block-
ade of the immunosuppressive and pro-apoptotic activity
of galectin-1 within tumour tissue resulted in heightened
T-cell mediated tumour rejection with increased survival
of IFN-y-producing Thl cells [41]. Supporting our find-
ings, Le ez al. [56] have recently identified galectin-1 as a
molecular link between tumour hypoxia and tumour-
immune privilege. The authors found a strong inverse
correlation between galectin-1 expression and the pres-
ence of T cells in human tumour sections corresponding
to head and neck squamous cell carcinoma patients [56].
In addition, it has been recently shown that endothelial
cell expression of galectin-1 induced by prostate cancer
cells inhibit T-cell transendothelial migration [42]. Taken
together, these results support the concept that galectin-
1 in tumours and in tumour-associated stroma contri-
butes to immune privilege of tumours by negatively
regulating the survival or migration of effector T cells.
Given its potent immunosuppressive effects, galectin-1
may be a useful target for therapeutic intervention in
cancer.

Galectin-3

Biochemical aspects and cell biology

Galectin-3 is the only member of the galectin family
with an N-terminal region composed of tandem repeats
of short amino-acid segments (approximately 120 amino
acids) connected to a C-terminal CRD. Like other
galectins, galectin-3 lacks a signal sequence required for
secretion through the classical secretory pathway. Never-
theless, the protein is released into the extracellular
space through a yet undefined mechanism [57] and was
found to be secreted by cultured cells and detectable in
extracellular fluid under various inflammatory conditions
[58]. Lukyanov ¢ a/. [59] showed that galectin-3 is able
to bind to membrane lipids and penetrate lipid bilay-
ers. It is possible that the protein is released by the
cell through this mechanism. More recently, Delacour
et al. [60] found that galectin-3 is present in vesicles
containing glycoproteins destined for the plasma mem-
brane at the apical side of the cell. The protein may be
exported to outside the cells together with these glyco-
proteins.

Galectin-3 can oligomerize in the presence of multiva-
lent carbohydrate ligands and is capable of crosslinking
glycans on the cell surface, thereby initiating transmem-
brane signalling events and affecting various cellular
functions [58, 61, 62]. Additionally, a number of intra-
cellular functions have been reported for galectin-3 and,
in some cases, intracellular binding partners have been

identified [63].

© 2007 The Authors
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Functions of galectin-3 demonstrated in vitro

Regulation of cellular homeostasis by galectin-3

Exogenously added galectin-3 has been shown to influence
the growth of many different cell types, including
immune cells [58]. The function of endogenous galectin-3
as a positive growth regulator of T cells was established by
demonstrating that cells treated with galectin-3-specific
antisense oligonucleotides, and thus containing lower
levels of the protein, had a reduced growth rate [64]. In
contrast, exogenously added galectin-3 has a negative
effect on T cell growth, as it inhibits mitogen-induced
proliferation of peripheral blood T cells [65].

Like galectin-1, galectin-3 has been shown to induce
apoptosis in T cells, including human T leukaemia cell
lines, human peripheral blood mononuclear cells (PBMC),
and activated mouse T cells [20, 66]. One study found
that CD7 and CD29 mediate galectin-3’s effect [66], but
another showed that CD45 and CD71, but not CD29
and CD43, are involved [20]. In addition, galectin-3 has
also been shown to induce apoptosis in neutrophils,
although the specific receptors on this cell types have not
been identified [67].

While
death, endogenous galectin-3 has anti-apoptotic function.

exogenously-added galectin-3 induces cell
This has been shown in a number of cell types and with
diverse apoptotic stimuli, by using gene transfection or
anti-sense nucleotide methods [63]. Among the cells
studied are immune cells, including B lymphoma cells
[68], the T cell lines Jurkat [69] and CEM [66] and
macrophages [70]. In the setting of juvenile idiopathic
arthritis, the degree of apoptosis of mononuclear cells
found in synovial tissue is inversely correlated with the
expression level of galectin-3, consistent with the anti-
apoptotic function of the protein [71]. A large body of
studies suggest that endogenous galectin-3 confers resist-
ance to apoptosis by functioning inside the cells and
engaging
modulating mitochondrial homeostasis [73].

apoptosis-regulation pathways [63, 72] or

It is to be noted, however, that suppression of galec-
tin-3 expression in human peripheral blood T cells resul-
ted in decreased activation-induced apoptosis and
increased proliferation [65], suggesting that endogenous
galectin-3 promotes apoptosis, as well as suppresses cell
growth. It remains to be determined whether under these
conditions, the observed effect primarily reflects that of
the secreted protein, which is known to be apoptosis-

inducing in this cell type.

Regulation of cellular response by galectin-3

Galectin-3 binds to the ECM proteins in a carbohydrate-
dependent manner and can influence cell adhesion to
extracellular matrices [6]. It also interacts with integrins
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and can modulate cell adhesion through binding to these
molecules [6]. Conceivably, galectin-3 can affect immune
and inflammatory responses by modulating cell adhesion
of various immune cell types [74].

Despite our knowledge of these possible interactions,
how galectin-3 might affect cell adhesion is difficult to
predict. Conceptually, galectin-3 can bridge cells to cells
or cells to extracellular matrices by binding simulta-
neously to glycans on two partners (as galectin-3 can
form pentamers upon binding to glycans). It can also
promote cell adhesion by binding to and activating cell
adhesion molecules, such as integrins. On the other hand,
it may interfere with cell adhesion by binding to some
other molecules involved in cell adhesion (because of
steric hindrance). Exogenously added galectin-3 was
found to attenuate interaction of thymocytes with thymic
nurse cells iz vitro [75]. The authors suggested that galec-
tin-3 may influence the development, survival and migra-
tion of thymocytes by modulating their adhesion to
surrounding cells in the thymus. Furthermore, recombin-
ant galectin-3 was found to promote adhesion of human
neutrophils to laminin [76] and to endothelial cells [77].
In the case of adhesion of neutrophils to laminin, galec-
tin-3 was in fact shown to both serve as a bridge between
the cell and the ECM and activate the cell through bind-
ing to cell surface glycans.

Whether endogenous galectin-3 functions in the ways
demonstrated by using recombinant galectin-3 has been
addressed. Thus, the involvement of endogenous galectin-
3 in adhesion of T cells to dendritic cells and macrophag-
es is supported by the finding that the adhesion is
inhibitable by a known galectin-3 sugar ligand and anti-
antibody [78]. Additionally,
galectin-3 was shown to participate in homotypic aggre-

galectin-3 endogenous
gation of monocytes induced by antibody against CD13
[79], as this aggregation was inhibited by both anti-
galectin-3 antibodies and lactose.

Galectin-3 has been shown to induce cell activation
through its multivalent lectin activity. These include
immunoglobulin E (IgE) production by B cells [80] as
well as IL-2 production [81] and extracellular calcium
ion uptake [82] by T cells. Galectin-3 was described to
be associated with the TCR complex [83]. Treatment of
T cells with lactose, which inhibits galectin-3 binding to
TCR, increased TCR clustering as well as signalling
through the receptor. This suggests that galectin-3 may
serve as a negative regulator of TCR-initiated signal
transduction [83].

Galectin-3 was previously shown to bind to IgE (hence
the name IgE-binding protein) and IgE receptor (FceRI)
[84]. Recombinant galectin-3 induces mediator release in
both IgE-sensitized and non-sensitized mast cells [84],
possibly by cross-linking FceRI-bound IgE, FceRI,
or both. In addition,
anion production [85] and potentiates lipopolysaccharide

galectin-3 induces superoxide
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(LPS)-induced IL-1 production [86] in human peripheral
blood monocytes. A number of studies have shown that
galectin-3 induces oxidative responses in human periph-
eral blood neutrophils primed with various agents [58].
The protein also induces L-selectin shedding and IL-8
production in both naive neutrophils and those primed
with cytochalasin B [87], and promotes phagocytic activ-
ity of this cell type [67]. Finally, galectin-3 can induce
migration of human monocytes/macrophages and alveo-
lar macrophages [88].

Galectin-3 can also exert a suppressive effect on mye-
loid cells, as exemplified by its inhibition of IL-5 produc-
tion in human eosinophils, an eosinophilic cell line,
human PBMC, and an antigen-specific T-cell line,
because of downregulation of IL-5 mRNA levels [89].

The function of endogenous galectin-3 in phagocytosis
has been demonstrated by comparing macrophages from
galectin-3-deficient (Lgalﬁ’/’) mice and wild type mice
[90]. Lgﬂ[ﬁ'/' macrophages are defective in phagocytosis
of opsonized erythrocytes and apoptotic thymocytes.
Interestingly, under the phagocytic situations, galectin-3
is present in phagocytic cups and concentrated around
phagosomes. Additional studies suggested that the pro-
tein mediates this function by acting intracellularly.

Studies of mast cells in Lga/s3”" mice have revealed a
role for galectin-3 in the regulation of mast cell func-
tions. Lgalsj_/' mast cells produced lower levels of
granular mediators and cytokines, when activated by
cross-linkage of cell surface IgE receptor, compared with
wild type cells [91]. Additional studies provided evidence
that galectin-3 regulates these responses by acting inside
the cells. Furthermore, the function of endogenous galec-
tin-3 in dendritic cells, has also been revealed by study-
ing ngzlsj’/’ cells. In particular, galectin-3 suppresses the
production of IL-12 in this cell type [92].

Thus, through extracellular modes of actions, galec-
tin-3 can affect cell growth and survival, activate or inhi-
bit cellular responses, modulate cell adhesion, and induce
cell migration. These functions are mostly demonstrated
with recombinant galectin-3 in vitro and whether endog-
enous galectin-3 exerts all these activities remains to be
clarified. In addition, whether these activities are opera-
tive in wvivo is largely unknown. Endogenous galectin-3
can exert many of the same functions through intracellu-
lar actions. These functions are not expected for a protein
with lectin properties, but are consistent with the pro-
tein’s intracellular localization. Importantly, a number of
these were revealed by using gene transfection or anti-
sense approaches to influence expression of the protein in
the cell. Because of the intrinsic potential problems asso-
ciated with these types of approaches, they should be
confirmed by employing other experimental strategies,
such as the use of cells from Lga/sj_/_ mice and by
knocking down
siRNA.

the galectin-3 gene expression by
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It is important to note that the intracellular functions
demonstrated for endogenous galectin-3 may not be the
same as those exerted by exogenous added galectin-3.
This is best exemplified by the opposite activities noted
for the protein in the regulation of apoptosis. The endog-
enous protein is antiapoptotic presumably through its
intracellular action, while exogenously added recombin-
ant protein induces apoptosis, through an extracellular
mechanism. Thus, a comprehensive understanding of the
physiological and pathological functions of galectin-3
in vivo will require the use of specific inhibitors that can
differentially target intracellular and extracellular galec-
tin-3 (e.g. using those unable to penetrate the cell and
affect only extracellular galectin-3 and those can get
inside the cell and inhibit the intracellular action of the
protein).

Functions of galectin-3 in inflammatory responses in vivo

Galectin-3 in inflammation and allergy

Some of the functions described above have been con-
firmed by in vivo studies of mouse models using Lgals3™
mice or by injecting exogenous galectin-3. For example,
injection of recombinant galectin-3 into airpouches cre-
ated in mice can induce migration of monocytes/mact-
ophages to the injected sites [88]. In addition, the
function of galectin-3 as a positive regulator of the mast
cell response has been established by showing that
Lgals3'/' mice exhibit reduced IgE-mediated responses of
mast cells compared with wild-type mice, as evidenced
by diminished passive cutaneous anaphylactic reactions
[91]. The function of galectin-3 in phagocytosis has also
been established by showing that ngz/sj’/’ macrophages
are defective in phagocytosis of opsonized erythrocytes
and apoptotic thymocytes iz vivo [90].

The above described in vitro and in vive studies sug-
gest that galectin-3 may modulate inflaimmatory
responses through its functions on cell activation, cell
migration, or inhibition of apoptosis (thus prolonging
the survival of inflammatory cells). The emerging data
from studies of Lgﬂlﬁ'/' mice support the role of galec-
tin-3 in promotion of the inflammatory response. For
example, Lgdlﬁ_/" mice exhibited attenuated peritoneal
inflammation induced by peritoneal injection of thiogly-
collate broth [70, 93], compared with wild-type mice,
suggesting a role of galectin-3 in this model of inflam-
mation. Similarly, Lgdlxﬁ'/_ mice exhibited reduced air-
way allergic inflaimmation compared with wild-type
littermates, when they were first sensitized with ovalbu-
min systemically and then challenged with the same anti-
gen through the airways [94].
that other

It should be mentioned investigators

observed reduced airway eosinophil infiltration in

response to airway antigen challenge in rats and mice
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after intranasal delivery of ¢cDNA encoding galectin-3
[95, 96]. These contrasting results may be explained by a
potentiating role for endogenous galectin-3 in the airway
inflammatory response, but a suppressive effect of phar-
macological concentrations of galectin-3 applied to the
airways. This contrasting role of endogenous galectin-3
and exogenously added galectin-3 might reflect what has
been observed in vitro. For example, endogenous galectin-
3 is antiapoptotic in T cells, whereas exogenously added
galectin-3 induces death in the same cell type, as men-
tioned above.

The studies of mouse infectious disease models have
also revealed the proinflammatory function of galectin-3.
Lgals3”" mice infected with Toxoplasma gondii exhibited
lower inflammatory scores in gut, liver and brain com-
pared with similarly infected wild-type mice [92]. It is to
be noted, however, that cellular inflammation was more
pronounced in the lungs of Lgalﬁ’/’ mice compared with
wild-type littermates in late infection. The reason for this
variable responses in different organs is unknown.

The studies of the functional role of galectin-3 using
Lgd/xj’/’ mice have also revealed the protein’s ability to
regulate Th1/Th2 polarization. Thus, by using a mouse
model of allergic airway inflammation, compared with
wild type mice, Lga/s3”" mice showed: (i) decreased IL-4
and IgE levels in bronchoalveolar fluid and serum and (ii)
elevated IFN-y levels and IgG2a/IgG1 ratios in broncho-
alveolar fluid and serum [94]. Similarly, compared with
wild type mice, Lga/;S'/_ mice exhibited a significantly
higher Thl response after infection with Toxoplasma
gondii [92]. The mechanism by which galectin-3 exerts
such effects remains to be determined, but it could be
related to its function in suppressing the production of
IL-12 in dendritic cells, as mentioned above, which is
the major cytokine that drives the Thl response.

Finally, increased galetin-3 expression in inflammatory
tissues has been noted in some inflammatory diseases in
humans. For example, galectin-3 was detected in tears
from patients with inflammatory ocular diseases [97]. It
is upregulated in synovial tissues in patients with RA
and detectable in synovial fluid from these patients [98].
It is also detectable in atherosclerotic lesions [99]. Addi-
tional studies will be required to establish the contribu-
tory role of galectin-3 in these inflammatory conditions,
although 7z vitro studies and iz wvivo studies in experi-
mental animals described above do support such causal
relationship.

Galectin-3 in autoimmunity

Galectins can also participate in immune and inflamma-
tory responses by functioning as autoantigens. A number
of reports demonstrated the presence of autoantibodies to
different galectins in normal individuals and selected
patient populations. A high frequency of autoantibodies
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to galectin-3 was found in patients with systemic lupus
erythematosus and polymyositis/dermatomyositis com-
pared with healthy individuals [100]. In addition, a sub-
stantial higher percentage of sera from Crohn’s disease
patients contain anti-galectin-3 autoantibodies [101].

Autoantibodies to galectins have also been detected in
association with neoplasm. A subject with newly diag-
nosed adenocarcinoma of the colon was found to have a
significantly elevated level of IgG anti-galectin-3 [102].
Similarly, the occurrence of IgG antibodies to galectin-3
was noted in a high percentage of sera from patients with
pharynx/larynx squamous cell carcinoma [103]. However,
in the latter studies, such autoantibodies were also found
in healthy donors and there was no statistically signifi-
cant difference between the two populations. Hence, the
pathophysiological roles of these antibodies still remain
to be elucidated.

Mgar5-deficient mice develop kidney autoimmune dis-
ease and increased susceptibility to EAE [83]. As these
authors also showed that galectin-3 binds to Mgat5-
modified glycans, they attributed this to the lack of
galectin-3 binding to these glycans, including TCR, that
normally would result in suppression of the T-cell
response (as described above in Functions of galectin-3 dem-
onstrated in vitro). Thus, similarly to galectin-1, galectin-3
may play a critical role in suppressing autoimmune
responses.

Galectin-9
Functions of galectin-9 in vitro

Identification of galectin-9 as a ligand for Tim-3

Interferon-y-producing Thl cells are a central component
of cell mediated immunity against intracellular pathogens
and are deleterious for autoimmunity. Consequently, con-
siderable effort has been spent on identifying cell surface
proteins that would not only facilitate the identification
of Thl cells, but might also play a role in their regula-
tion. In 2002, Monney et /. [104] identified Tim-3 as a
protein expressed selectively on terminally differentiated
Thl but not Th2 cells. In wvivo modulation of Tim-
3/Tim-3 ligand interactions resulted in exacerbated Thl
responses and central nervous system (CNS) autoimmu-
nity [104, 105], suggesting that Tim-3 plays an import-
ant role in the regulation of Thl immune responses.
Thus, a search for the endogenous Tim-3 ligand ensued.
Immunoprecipitation studies coupled with mass spectr-
ometry led to the identification of galectin-9 as a Tim-3
ligand [106]. Both deglycosylation of Tim-3 and muta-
tion of the galectin-9 CRD domains abrogated Tim-3
binding, confirming that the interaction of galectin-9
with Tim-3 involves galectin-9 binding to carbohydrate
residues on Tim-3.
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Role of galectin-9 in regulating survival of thymocytes and
Thi cells

Galectin-9 has been shown to induce apoptosis of thymo-
cytes but not hepatocytes [107]. Further studies using sev-
eral different cells lines and both activated CD4" and
CDS8" T cells have shown that galectin-9 induces cell
death via the Ca”*-calpain-caspase-1 pathway [108]. Not
surprisingly, galectin-9 has now been shown to specifically
induce rapid cell death in Thl cells in a Tim-3-dependent
manner [106]. Thus, galectin-9 triggering of Tim-3 on
Th1 cells can serve to negatively regulate Thl immunity.
In this regard, it is important to note that galectin-9
expression is itself upregulated by interferon-y [109].
Thus, a negative feedback loop may exist whereby Tim-3"
Th1 cells produce IFN-y which in turn upregulates galec-
tin-9 which then selectively eliminates Th1 cells.
Recently, a new subset of CD4" Th cells characterized
by the production of IL-17 (Th-17) has been the subject of
intense research. Interestingly, Th-17 cells, which are
highly pathogenic, have recently been found to express
lower levels of Tim-3 relative to Thl cells [110]. While
the effects of galectin-9 on Th-17 cells have not been
examined, the lower level of Tim-3 expression on Th-17
cells raises the possibility that Th-17 cells may be less sus-
ceptible to galectin-9/TIM-3 regulation and that this may
underlie their pathogenicity. Current studies are being
conducted to explore the differential susceptibility of dis-
tinct effector T-cell populations, including Th1, Th2 and
Th17 cells, to different members of the galectin family.

Role of galectin-9 in vivo

Galectin-9 in CNS' inflammation

Experimental autoimmune encephalomyelitis is a model
of CNS autoimmunity in which both Thl and, more
recently, Th-17 cells have been implicated. EAE can be
induced in susceptible strains of mice by immunization
with components of CNS myelin. Treatment of immun-
ized mice with galectin-9 during the induction phase of
EAE resulted in a specific decrease in myelin specific
IFN-y producing cells [106]. Furthermore, iz vivo knock-
down of galectin-9 using siRNA during the induction of
EAE resulted in blunting of disease [106]. Collectively
these data support the concept that galectin-9 functions
in vivo to eliminate Tim-3" Thl cells and thereby ter-
minate Thl immunity. As galectin-9 is widely expressed,
it remains to be seen which cell types mediate the elim-
ination of Tim-3" Th1 cells in vivo.

Galectin-9 in rheumatoid arthritis

We recently found that both galectin-9 mRNA and pro-
tein are more highly expressed in the synovial tissues of
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patients with RA than those with osteoarthritis. Lining
and sublining cells, macrophages, T cells, B cells and
endothelial cells were positive for galectin-9. Not surpris-
ingly, galectin-9 preferentially induces apoptosis of RA
synovial cells compared with synovial cells from osteo-
arthritis (M. Seki, K. Sakata, S. Oomizu, T. Arikawa,
A. Sakata, M. Ueno, A. Nobumoto, T. Niki, N. Saita,
K. Ito, S. Dai, S. Katoh, N. Nishi, M. Tsukano, K. Ishi-
kawa, A. Yamauchi, V. Kuchroo, M. Hirashima, sub-
mitted manuscript). Interestingly, galectin-9, but not
galectin-1 or -3, induces apoptosis and suppresses pro-
liferation of RA synovial cells. We have found that galec-
tin-9 modified by truncating its linker peptide, stable
Gal-9 (sGal-9), exhibits more potent activity than wild
type galectin-9 [111]. Thus, we used sGal-9 for in vivo
experiments to clarify whether sGal-9 plays beneficial
effects on mouse CIA, and found that sGal-9 reduced
severity and incidence of the inflammatory osteoarticular
disease Therefore, galectin-9 has therapeutic effects on
RA by at least two different mechanisms. The first mech-
anism involves the induction of apoptosis of pathogenic
Th cells (similarly to galectin-1), while the second
involves the induction of apoptosis of synovial cells that
play a crucial role in pannus formation (M. Seki, K.
Sakata, S. Oomizu, T. Arikawa, A. Sakata, M. Ueno, A.
Nobumoto, T. Niki, N. Saita, K. Ito, S. Dai, S. Katoh,
N. Nishi, M. Tsukano, K. Ishikawa, A. Yamauchi,
V. Kuchroo, M. Hirashima, submitted manuscript).

Galectin-9 in allergic inflammation and infection

We first identified galectin-9 as a T cell-derived eosino-
phil chemoattractant mediating the delayed phase of
allergic tissue eosinophilia [112]. Not surprisingly, galec-
tin-9 was also discovered in patients with Hodgkin’s dis-
ease, because eosinophil accumulation is one of
characteristics of certain types of Hodgkin’s disease [113].
Galectin-9 indeed exhibits

in vitro and in vivo and we have shown that divalent

chemoattractant activity
galactoside binding activity is required for its chemotac-
tic activity [114]. Galectin-9 is not only chemotactic, but
also behaves as an eosinophil activating factor capable of
inducing eosinophil aggregation, suppressing superoxide
production, and promoting eosinophil survival [115].
However, the effect of galectin-9 may differ depending
on the origin of eosinophils. For example, galectin-9
suppresses apoptosis of eosinophils from eosinophilic
patients, but it enhances apoptosis of eosinophils from
healthy donors [116].

In a guinea pig model of allergic airway hypersensi-
tivity, galectin-9 levels correlated with eosinophil pet-
oxidase, but not with airway resistance, suggesting little
or no involvement of galectin-9 in airway resistance
[117]. However, administration of galectin-9 in a mouse
model of allergic airway hypersensitivity reduced airway
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hyperresponsiveness as well as Th2-associated airway
inflammation. Galectin-9 inhibited the infiltration of
peripheral blood Th2 cells into the airway by inhibiting
the binding of the adhesion molecule CD44 to hyaluro-
nan, indicating that galectin-9 inhibits allergic inflam-
mation of the airway and airway hyperresponsiveness by
modulating CD44 dependent leucocyte recognition of
the ECM [118].

As described above, the source of galectin-9 was first
thought to be antigen-stimulated T cells [112], and its
release was associated with some unidentified matrix
metalloprotease [119]. More recently, we found that
macrophages, dendritic cells, mast cells and NKT cells
are also source of galectin-9, and galectin-9 is released
by stimulation with LPS [120]. It was also found that
Lgals9 transgenic mice were resistant to LPS, whereas
Lgals9 deficient mice became susceptible to LPS, con-
firming the important role of galectin-9 in LPS-induced
inflammation. We also found that pro-inflammatory
cytokines, e.g. IFN-7, also induced galectin-9 expression
on the surface of fibroblasts and vascular endothelial cells
though little galectin-9 was released from those cells
[121].

Lipopolysaccharide gingivalis
upregulated Lga/s9 mRNA and protein in human perio-

from  Porphylomonas

dontal ligament-derived cells suggesting that galectin-9
is associated with inflammatory reactions in the periodon-
tal ligament [122]. We recently found that galectin-9
regulates LPS-induced inflammation and protects mice
from Shwartzman reaction by attracting prostaglandin-E2
(PGE,)-producing neutrophils, indicating the crucial role
of galectin-9 in bacterial infection [120]. These results
imply that galectin-9 has suppressive effects on bacterial
infection-induced inflammation.

Galectin-9 probably exhibits its suppressive role not
only in bacterial, but also in other infections, such as
parasitic and viral infections. We showed that both
galectin-3 and -9 recognize Leishmania major by binding
to the Leishmania major-specific polygalactosyl epitope
[123]. Although both galectins exhibit comparable
affinities toward the epitopes, only galectin-9 enhances
the interaction between Leishmania major and macrophag-
es, indicating distinctive roles for the galectins in the
Leishmania major-specific development of leishmaniasis in
the host.

Warke ez al. [124] found that galectin-9 expression is
enhanced in human umbilical vein endothelial cells
(HUVECQ) infected with dengue virus. We also found
that galectin-9 mRNA
enhanced in HUVEC when they are treated with double-
stranded RNA [125], and further studies revealed that
the TLR3, PI3K and IRF3 pathways are involved in dou-
ble-stranded RNA-induced galectin-9 expression [126].
These results suggest that galectin-9 is also associated

and protein expression is

with viral infections.
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Galectin-9 in tumonr immunity

Like other galectins, galectin-9 is also expressed by var-
ious different tumours. Lahm er a/. [127, 128] described
different levels of regulation of galectin production in
colon cancer cells in the cases of the tandem-repeat-type
galectin-8 and -9. Galectin-9 was found to be correlated
with oral squamous cell cancer cell-matrix interactions
and may therefore play an important role in the metasta-
sis of squamous cell carcinoma [129].

Indeed, we also found that a melanoma cell line that
proliferated strongly and promoted colony formation
expressed more galectin-9 than another melanoma cell
line which proliferated less and did not induce colony
formation. Therefore, we examined the association
between galectin-9 expression in melanoma cells and the
prognosis of patients bearing melanocytic tumours, and
found that high galectin-9 expression was inversely corre-
lated with the progression of disease [130]. Immunohisto-
chemical analysis in patients with breast cancer revealed a
similar inverse relationship between galectin-9 expression
in cancer cells and distant metastasis in breast cancer.
The cumulative distant metastasis-free survival ratio for
galectin-9-positive patients was significantly better than
for the galectin-9-negative group. Multivariate analysis
revealed that galectin-9 status influenced distant metasta-
sis independent of and much more than lymph node
metastasis. We also found that galectin-9 expression on
the surface of cancer cells also reduced cell adhesion to
ECM [131, 132].

In addition, galectin-9 seems to be a novel nasopharyn-
geal carcinoma (NPC)-specific raft partner of the Epstein—
Barr virus latent membrane protein 1 (LMP1). LMP1 was
further shown to bind galectin 9 in a TRAF3-independent
manner [133]. More recently, it was found that human
leucocyte antigen-class IT (HLA-class II)-positive exosomes
purified from NPC contained galectin 9 [134].

Adult T-cell leukaemia (ATL) is a fatal malignancy of
T lymphocytes caused by human T-lymphotropic virus-I
(HTLV-]) infection. We have found that sGal-9 prevents
cell growth of HTLV-I-infected T-cell lines and primary
ATL cells. sGal-9 induced cell cycle arrest by reducing
the expression of cyclin D1, cyclin D2, cyclin B1, Cdkl,
Cdk4, Cdk6, Cdc25C and c-Myc, and apoptosis by redu-
cing the expression of XIAP, c-IAP2 and survivin. Fur-

thermore, sGal-9 suppressed IxkBo phosphorylation,
resulting in suppression of the transcriptional activity of
NEF-xB [135].

Taken together, these data support that sGal-9 can
inhibit invasion and metastasis of tumour cells, and
induce apoptosis or cell arrest. When immature dendritic
cells were cultured with galectin-1, -3, -8 or -9, only
galectin-9 dramatically upregulated the expression of
CD40, CD54, CD80, CD83, CD86 and HLA-DR on
dendritic cells. Galectin-9 stimulates dendritic cells to
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secrete IL-12, but not IL-10. Thus, galectin-9 induces
dendritic cell maturation and galectin-9-matured
dendritic cells stimulate IFN-y, but not IL-4 and IL-5
production from allogenic CD4™ T cells. As it is well
known that activated dendritic cells play a crucial role in
tumour immunity, galectin-9-mediated dendritic cell
maturation may also contribute to tumour-immune
surveillance [136]. We recently found that galectin-9 can
serve as an anti-tumour and anti-metastatic agent. For
example, with  sGal-9
formation of an HTLV-I-infected T-cell line when these
cells were subcutaneously inoculated into severe combined

treatment reduced tumour

immunodeficient (SCID) mice [135]. Moreover, our pre-
liminary experiments have revealed that sGal-9 adminis-
tration protects MethA-bearing mice from death, and
suppresses metastasis of melanoma cells in an intravenous
B16/F10-injection model, indicating the usefulness of
galectin-9 in the therapy against malignant tumours.

Conclusions and future perspectives

As illustrated in this review, different members of the
galectin family may provide inhibitory or stimulatory
signals to control immune cell response and regulate
inflammation following an antigenic challenge. However,
like many other cytokines and growth factors (e.g. TGF-
f), galectins may exhibit a ‘double-edge sword’ effect
depending on many different intrinsic factors, such as the
physicochemical —properties of the protein (mono-
mer/dimer equilibrium), stability in tissues, concentra-
tions and oxidation state, and other extrinsic factors, such
as the target cell type and the general context or micro-
environment. In fact, some galectins clearly share most of
the characteristics of cytokines including an upregulated
expression in activated inflammatory cells. Hence, it is
attractive to speculate that the body responds to an
exacerbated inflammatory response by increasing the per-
ipheral production of endogenous anti-inflammatory
galectins in an attempt to restore immune cell homeosta-
sis. In fact, /z vivo studies, including those using galec-
tin-deficient mice, are starting to provide relevant
information on the selective functions of several members
of the galectin family in the inflammatory response.
Given the broad

effects in autoimmune diseases, inflammatory processes

spectrtum of immunoregulatory

and cancer, galectins have been postulated as candidates
for the design of novel anti-inflammatory drugs, and as
targets for anti-cancer therapies. Challenges for the future
will be to employ recombinant galectins or inhibitors of
galectins for the treatment of different pathological con-
ditions. In fact, molecules with such properties have
already been developed including: (i) glycoamine ana-
logues [137, 138]; (ii) modified citrus polysaccharides
(pectin) [139]; (iii) wedgelike glycodendrimers consisting
of 2, 4 and 8 lactose moieties linked using 3,5 di-(2-ami-
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noethoxy) benzoic acid as branching unit [140] and (iv) a
collection of small specific inhibitors based on derivatiza-
tion of N-acetyllactosamine [141-143].

However, before galectin-based therapeutic agents can
be fully realized, a more thorough understanding of the
lesser studied galectins and the mechanisms involved in
their different immunoregulatory functions is required.
To what extent is there functional redundancy and specif-
icity of action within the galectin family? What is the
precise explanation of the different functions exerted by
the same galectins in different environmental contexts?
What are the precise mechanisms involved in the anti-
inflammatory and immunoregulatory effects of different
members of the galectin family? What are the levels of
galectins attained 7z vivo during an inflammatory reaction,
infectious process or tumour dissemination? Increased
understanding of the role of galectins in immunoregula-
tion, inflammation and cancer should provide more
insights into how the regulation of galectin expression
and activity can be exploited for therapeutic purposes.
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