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Abstract: Inflammation involves the sequential activation of signalling

pathways leading to the production of both pro-inflammatory and anti-

inflammatory mediators. Galectins constitute a family of structurally related

b-galactoside-binding proteins, which are defined by their affinity for poly-N-

acetyllactosamine-enriched glycoconjugates and sequence similarities in the

carbohydrate recognition domain. By crosslinking specific glycoconjugates,

different members of the galectin family behave as pro-inflammatory or anti-

inflammatory agents, acting at different levels of acute and chronic

inflammatory responses. Recent studies highlighted immunomodulatory roles

for galectins in vivo in several experimental models of chronic inflammation,

suggesting that these carbohydrate-binding proteins may be potential targets

for the design of a novel generation of anti-inflammatory agents. In this study,

we review recent advances on the role of galectins in the initiation,

amplification and resolution of the inflammatory response. In particular, we

examine the influence of individual members of this family in regulating cell

adhesion, migration, chemotaxis, antigen presentation, immune cell activation

and apoptosis. From a better understanding of the molecular basis of galectin-

induced immune regulation, we may become able to exploit the potential of

these sugar-binding proteins and their glycoligands as suitable therapeutic

agents in acute and chronic inflammatory disorders.

Galectins are animal lectins defined by shared consensus amino acid

sequences and affinity for b-galactose-containing oligosaccharides

(1–4). This is an evolutionarily highly conserved family of proteins

expressed by different immune cell types and homologues existing in

mammals, birds, fishes as well as in lower organisms, such as

nematodes and sponges, and even in microorganisms (1–5). In mam-

mals, 14 members have been reported and a large number of add-

itional members are identifiable in the published database (1).

Given the increased interest of immunologists in this field, the

growing body of information raised during the past few years and

the potential use of galectins as novel anti-inflammatory agents or

targets for anti-inflammatory drugs, in this paper we review recent

advances on the role of galectins in acute and chronic inflammation

and the mechanisms involved in these processes.
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Biochemistry and classification of
galectins

Members of the galectin family are composed of one or two carbohy-

drate-recognition domains (CRDs) of approximately 130 amino acids

(Fig. 1). Regarding the biochemical structure, some galectins contain

one CRD (proto-type) and exist as monomers (galectin-5, -7 and -10)

or dimers (galectin-1, -2, -11, -13 and -14), whereas other galectins,

such as galectin-4, -6, -8, -9 and -12, contain two CRDs connected by a

short linker region (tandem repeat). In contrast, galectin-3 uniquely

occurs as a chimeric protein with one CRD and an additional non-

lectin domain, which is involved in the oligomerization of this protein

(Fig. 1). It has been suggested that multivalency of individual mem-

bers of the galectin family and their crosslinking properties might

determine different biological responses by inducing aggregation of

specific cell-surface glycoreceptors, which – in many cases – are

associated with different signal transduction events (4).

Carbohydrate specificity of galectins

Although most mammalian galectins bind preferentially to glycocon-

jugates containing the ubiquitous disaccharide N-acetyllactosamine

[Gal b1!3GlcNAc or Gal b1!4GlcNAc], binding to individual

lactosamine units is of relatively low affinity (Kd� 1mM), and it is

the arrangement of lactosamine disaccharides in repeating chains

(polylactosamine) that increases binding avidity. Moreover, detailed

structural analysis of the CRDs suggests subtle differences in carbo-

hydrate-binding specificities of individual members of this family (4).

Whether subtle differences in saccharide specificity might be

responsible for distinct biological responses to galectins remains to

be elucidated.

Subcellular localization and secretion

Although galectins are often reported to be present on cell surfaces or

in the extracellular matrix (ECM), they lack recognizable secretion

signal sequences and do not pass through the standard ER/Golgi

pathway (1–4). Instead, most galectins have characteristics of typical

cytoplasmic proteins, such as acetylated N-terminus, free sulfhydryls

and lack of glycosylation. However, there is a strong experimental

evidence that at least some galectins are, indeed, secreted by a novel

mechanism distinct from classical vesicle-mediated exocytosis [simi-

lar to fibroblast growth factor and interleukin-1b (IL-1b)] (3).

Galectins in the physiology of the immune
response

Extracellular and intracellular functions of galectins

Galectins have been shown to influence different functions involved

in innate and adaptive immune responses (4). Once they are released

into the extracellular medium, these b-galactoside-binding proteins

may crosslink cell-surface glycoconjugates and induce signal trans-

duction events through receptor clustering and formation of multi-

valent galectin–glycoprotein lattices on cell surfaces (4). Some of the

extracellular functions reported for galectins include cell-growth

regulation, activation, cell adhesion, chemotaxis and apoptosis

(Fig. 2). In contrast, the intracellular effects of galectins do not appear

to depend on the carbohydrate-binding activities of these endogenous

lectins (4). Interestingly, recent observations suggest that the same

galectin (for example, galectin-3) may exert different and contrasting

effects whether they act extracellularly or intracellularly (6, 7).

Regulated expression of galectins within central and

peripheral immune compartments

Galectins have a wide distribution in primary and secondary lym-

phoid organs and in circulating immune cells (4). Galectin-1 and -3

(the most widely studied) are expressed by thymic stromal cells (8, 9),

activated T cells (10–12), activated B cells (13, 14) and inflammatory

macrophages (Mfs) (15–18). Interestingly, galectin expression is

regulated according to the activation state of the cells (15–18).

Regulation of immune cell proliferation and apoptosis

In multicellular organisms, homeostasis is maintained through a

balance between cell proliferation and cell death (3). In this sense,

immune cells are subject to cell-death checkpoints at many stages

Chimera-type

Proto-type

Tandem
repeat-type

Galectins-1, 2, 5, 7, 10, 11,13, 14
Monomers or dimers with two
identical CRDs

Galectin-3
Cross-links carbohydrate and 
non-carbohydrate
ligands

Galectins-4, 6, 8, 9, 12
Cross-link two different carbohydrate
ligands

Fig. 1. Schematic representation of the structure of different

members of the galectin family.
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during their lifespan to ensure proper development, maintain homeo-

stasis and prevent disease. A distinct family of proteins regulates

immune cell death. These include death-inducing ligands, death

receptors and intracellular regulators of death pathways.

A growing body of evidence now indicates that galectin-1 induces

cell-growth inhibition and cell-cycle arrest, and promotes apoptosis of

activated, but not resting immune cells (10, 11, 17, 19, 20). Galectin-1

has shown specific growth inhibitory properties towards concanavalin-

A (Con-A)-stimulated rat T cells (20), phytohemmaglutinin-activated

(PHA) human T cells (10) and human alloreactive T cells (11). Further

investigation revealed that galectin-1 induces apoptosis of peripheral T

lymphocytes and developing thymocytes (17, 19, 20, 21). It has been

shown that galectin-1 promotes apoptosis of immature cortical thymo-

cytes in vitro, suggesting a potential role for this carbohydrate-binding

protein in the maintenance of central tolerance (21). Similarly, mouse

galectin-9 also induces apoptosis of thymocytes, in a lactose-inhibitable

fashion (22). Recent evidence indicates that galectin-3 could act in a

dual manner either protecting cells from apoptosis or stimulating cell

death depending on whether the protein is found in the intracellular

compartment (6) or it acts extracellularly (7).

Galectin-1

T cell

Galectin-3

Adhesion to ECM

Pro-inflammatory cytokines 
Cell proliferation

Galectin-1Galectin-3

Macrophage

IL-12 but not IL-10 production 
Arachidonic acid released
iNOS and nitric oxide
Arginase activity

Chemotaxis
Phagocytosis

Apoptosis

Galectin-1Galectin-3

Neutrophil

Extravasation
Transendothelial migration
NADPH-oxidase activity

Eosinophil

Gal-1 Migration
Gal-3 IL-5 production
Gal-9 Chemotaxis
Gal-14

B cells

Gal-1 
Expression upon activation

Gal-3
Mediates IL-4-induced survival of memory B cells

Mast cellsBasophil

Gal-1   Degranulation

Gal-3   Activation
Gal-10 Overexpressed

Apoptosis (intracellularly)

Apoptosis (extracellularly)
Cell proliferation
Naïve T lymphocytes–dendritic
cells interactions
Adhesion of thymocytes to
thymic ECM

LPS-induced IL-1 production

Adhesion to laminin
Extravasation in response to
infection
NADPH-oxidase activity

Secretion after allergen challenge
(asthma model)

Apoptosis of thymocytes and activated
T cells (similar to Gal-9)

IL-2, IFN-γ and ↑IL-5

Fig. 2. Effects of galectins in the physiology of different immune cell types. Although the figure essentially illustrates the functions of galectin-1

(Gal-1) and galectin-3 (Gal-3), the other members of the family have been also shown to play key roles in immunomodulation.
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Different cell-surface glycoconjugates on the surface of activated T

cells appear to be primary receptors for galectins, including CD45,

CD43, CD2, CD3, CD7 and CD29 (7, 23–25). Interestingly, galectin-1

binding to T cells results in a marked redistribution of many of these

receptors into segregated membrane microdomains (23).

Recent evidence indicates that the regulated expression of glyco-

syltransferases during development and activation, creating N-

acetyllactosamine ligands, may determine cell susceptibility to

galectin-1 (26, 27). Galvan and colleagues (26) demonstrated that

CD45þ T cells lacking the core-2 b-1,6-N-acetylglucosaminyltransferase

(C2GnT) are resistant to galectin-1-induced cell death. This enzyme is

responsible for creating branched structures on O-glycans of T-cell-

surface glycoproteins, such as CD45. Interestingly, an exciting

study revealed that branched O-linked oligosaccharides ectopically

expressed in C2GnT transgenic mice reduce primary T-cell immune

responses in vivo (28). Whether galectin-1-induced apoptosis plays a role

in the contraction of the T-cell repertoire and reduction of

primary T-cell responses in transgenic C2GnT mice remains to be

elucidated.

Other glycosyltransferases can also act to reduce galectin binding

by indirectly or directly masking galectin saccharide ligands. In this

sense, addition of a2,6-linked sialic acids to lactosamine units by the

ST6Gal-I sialyltransferase has been shown to block galectin-1 bind-

ing due to interference of lactosamine insertion into the binding

pocket of galectin-1 (27).

One concern regarding the pro-apoptotic activity of galectin-1 is

that this effect has been demonstrated in most cases at relatively

high concentrations (micromolar range) and it is uncertain whether

high levels of soluble protein can be produced in vivo. Interestingly,

recent evidence indicates that the amount of galectin-1 secreted by

different cell types is sufficient to kill T cells, when galectin-1 is

presented in the context of ECM glycoproteins (29). Moreover, the

presence of galectin-1 in activated but not resting T cells (10) sug-

gests a potential autocrine suicide mechanism to achieve homeostasis

during the termination of an immune response.

On the other hand, CD7 has been identified as a critical receptor for

galectin-1-induced apoptosis, and it has been recently demonstrated

that CD7– T cells from patients with mycosis fungoides/Sezary

syndrome are protected from galectin-1-triggered T-cell death (30,

31). Remarkably, Sezary cells in primary lesions showed a character-

istic ‘glycoepitope’ with sialylated core 1 O-glycans, which confers

resistance to galectin-1-induced apoptosis (31).

While these findings suggest a pivotal role for galectin-1 in the

establishment and maintenance of T-cell tolerance and homeostasis

in vivo, targeted disruption of the galectin-1 gene in knock-out mice

results in the absence of major immunological abnormalities (2, 4).

This finding suggests that other proteins (probably members of the

galectin family) might potentially compensate for the absence of

galectin-1.

Using a human allogeneic T-cell model, we have recently demon-

strated that alternative mechanisms may operate to achieve T-cell

hyporesponsiveness and immunosuppression as demonstrated by

selective inhibition of IFN-g production in the viable non-apoptotic

T-cell population (11), while a major mechanism responsible for the

anti-inflammatory effects of galectin-1 seems to be an induction of T-

cell apoptosis. Furthermore, recent evidence suggests that exposure

of activated leukocytes to dimeric galectin-1 may contribute to pha-

gocytic recognition of these cells by inducing surface exposure of

phosphotidylserine with no apparent signs of apoptosis (32).

The role of galectin-3 in the regulation of cell growth and apoptosis

has been demonstrated in various cell types, using different

experimental approaches. Most of the studies have focused on the

intracellular functions of galectin-3 and reported a major role for

this b-galactoside-binding protein in protecting cells from apoptosis

and in promoting T-cell proliferation (4, 6, 12).

The first evidence indicating that galectin-3 might play a role in

T-cell survival was the observation that human leukaemia T cells

transfected with galectin-3 cDNA showed higher rates of prolifera-

tion and were protected from apoptosis induced by a wide variety of

pro-apoptotic stimuli (6). Moreover, inhibition of galectin-3 by an

oligonucleotide antisense specifically inhibited proliferation of anti-

CD3-stimulated T cells (12). Furthermore, peritoneal Mfs from galec-

tin-3 knock-out mice displayed higher levels of apoptosis, compared

to cells from wild-type mice, suggesting that this sugar-binding

protein also protects Mfs from cell death (33). An examination of

the mechanisms responsible for this effect revealed that galectin-3

might act by preventing alterations of the mitochondrial membrane

and formation of reactive oxygen species (34). Moreover, recent

observations also indicate that post-translational modifications,

such as galectin-3 phosphorylation, are essential for its anti-apoptotic

activity (35).

In contrast to its intracellular anti-apoptotic activity, recent studies

highlighted a novel role for extracellular galectin-3 in the promotion

of T-cell apoptosis (7). Galectin-3-induced apoptosis involved binding

of this protein to CD7 and CD29 (b1-integrin) on the T-cell surface,

resulting in the activation of intracellular events, including cyto-

chrome-c release and caspase-3 activation (7).

Other members of the galectin family have also been shown to

modulate cell-cycle progression, proliferation and survival; for exam-

ple, galectin-9 promotes apoptosis of immature thymocytes (22) and

mature activated T cells through caspase-1 and calpain-dependent

pathways (36). Galectin-7 is induced by the tumour-suppressor gene

p53, and increases susceptibility of keratinocytes to ultraviolet-B-

induced apoptosis (37). Gene profile experiments revealed that

Rabinovich et al : Galectins during the course of the inflammatory response
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galectin-7 functions intracellularly to induce apoptosis upstream of

JNK activation and cytochrome-c release (38). Furthermore, galectin-8

has been shown to modulate tumour survival by binding to b-integrins

(39) and galectin-12 has been shown to modulate cell-cycle progression

and survival of adipocytes (40).

Taken together, these observations suggest that most members of

the galectin family may influence, either positively or negatively, cell-

cycle progression, proliferation and survival of different cell types.

Modulation of the interactions between T cells and antigen-

presenting cells: implications for antigen presentation

Regarding a role of galectins in antigen presentation and T-cell

activation, galectin-3 has been shown to positively contribute to cell

interactions between dendritic cells and naı̈ve T lymphocytes in T-

cell-dependent areas of lymph nodes (41). In contrast, Demetriou and

colleagues (42) reported that galectin-3 might play a potential role in

restricting T-cell receptor (TCR) complex-initiated signal transduc-

tion. The authors hypothesize that galectin-3 forms multivalent com-

plexes with N-glycans on TCR, thereby restraining the lateral

mobility of TCR complexes (42). On the other hand, galectin-1 has

been shown to antagonize IL-2 production by inducing partial TCR-z

chain phosphorylation (43).

New insights into the role of galectins in immune cell

development and differentiation

Pioneer studies suggested a role for galectin-1 in the development

and maturation of T cell (8, 21). Galectin-1 is expressed by thymic

epithelial cells, and induces apoptosis of immature cortical thymo-

cytes (8, 21), suggesting a potential role of this protein in positive

and/or negative selection within the thymic microenvironment.

Regarding the B-cell compartment, interesting findings indicated

that galectin-1 acts as a stromal cell ligand of the pre-B-cell receptor

(pre-BCR) implicated in synapse formation between pre-B and

stromal cells (44). Moreover, we have recently demonstrated that

galectin-3 is a critical mediator of B-cell differentiation and survival

(14). Blockade of intracellular galectin-3 using an antisense strategy

abrogated IL-4-induced survival of activated B cells, favouring the

differentiation towards a plasma cell pathway. Moreover, B cells with

restrained galectin-3 expression failed to downregulate the Blimp-1

transcription factor following IL-4 stimulation. In vivo, targeted

inhibition of galectin-3 favoured plasma cell differentiation and

increased the levels of immunoglobulin (Ig) production, resulting in

parasite clearance and disease amelioration in an experimental model

of Trypanosoma cruzi infection (14).

In an attempt to explore the potential role of galectins in myeloid

cell differentiation, Abedin and colleagues (45) demonstrated, using

an in vitro model, that galectin-10 mRNA is enhanced in the process

of neutrophil and eosinophil differentiation, while galectin-3 expres-

sion is upregulated during monocyte differentiation and, surpris-

ingly, galectin-9 expression decreases during the course of both

monocyte and eosinophil differentiation.

Regulation of cell–cell and cell–matrix interactions

Adhesion and migration of cells through basement membranes and

the ECM is a multistep process co-ordinated by receptors recognizing

a mosaic of ECM glycoproteins, haptotactic chemokines and pro-

inflammatory cytokines. It has been widely demonstrated that galec-

tins bind to various cell adhesion molecules and ECM glycoproteins,

including laminin and fibronectin, and modulate cell adhesion and

migration of immune cells (46–48). We have demonstrated that

galectin-1 at low concentrations (nanomolar range) provides a stop

signal for T-cell adhesion through ECM glycoproteins, such as fibro-

nectin and laminin, and abrogates the production of pro-inflamma-

tory cytokines, such as tumour necrosis factor a (TNF-a) and

interferon g (IFN-g), by activated T cells with no evidences of T-cell

apoptosis (47). This observation supports the concept that this

b-galactoside-binding protein might also exert its anti-inflammatory

effects through alternative non-apoptotic mechanisms.

Regarding a role for galectin-3 in cell–cell and cell–matrix interac-

tions, some opposing studies have been reported. While galectin-3

has been shown to positively contribute to cell interactions between

dendritic cells and naı̈ve T lymphocytes in lymph nodes (41), a recent

study revealed that galectin�3 disrupts thymocyte interactions

within the thymic microenvironment, thus acting as a de-adhesion

molecule (9).

In an attempt to correlate the anti-apoptotic effect of galectin-3

with its cell adhesive properties, this b-galactoside-binding protein

has been shown to inhibit apoptosis (anoikis) through a mechanism

involving increased adhesiveness of cells to the ECM (49, 50). Galec-

tin-3-overexpressing cells have significantly enhanced adhesion to

laminin, fibronectin and vitronectin, an effect, which was related to

an increased expression of a4b7 integrins (49). In addition, the

authors showed a remodelling of those cytoskeletal elements asso-

ciated with cell spreading in cells transfected with galectin-3 cDNA.

In particular, the actin microfilament network appeared to be

differently organized and galectin-3-overexpressing cells were

characterized by the absence of stress fibres and the presence of

cell-surface F-actin-positive ruffles, known as markers of cell

spreading (49). In this regard, we have found that inhibition of

Rabinovich et al : Galectins during the course of the inflammatory response
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T-cell adhesion by recombinant galectin-1 correlates with the

ability of this molecule to block the re-organization of the activated

cell’s actin cytoskeleton (47).

Galectins as ‘cytokine-like’ molecules with sugar-binding

activity

It has been proposed that galectins may act as ‘cytokine-like’ mol-

ecules, although it is still not clear whether they act as soluble

cytokines or whether direct cell–cell or cell–matrix contact is required

to exert their effects. In this sense, it has been documented that

galectin-1 accumulates in stromal cells and ECM highlighting a

critical role for ECM-associated galectin-1 in the initiation of T-cell

death (29).

Similar to other cytokines that might influence a pro-inflammatory

or anti-inflammatory cascade, galectin-1 has been shown to inhibit

TNF-a and IFN-g secretion from activated T cells in vitro (47). In

addition, in vivo studies in experimental models of autoimmunity

revealed the ability of galectin-1 to skew the balance towards a T2-

type cytokine response by reducing the levels of IFN-g, TNF-a, IL-2

and IL-12 and increasing the levels of IL-5 secretion (51–53). This

polarizing effect was also observed following galectin-1 treatment in

an experimental murine model of graft-versus-host disease (GVHD)

(54).

In addition, we have demonstrated in an experimental model of T.

cruzi infection that very low concentrations of galectin-1 were suffi-

cient to downregulate critical mediators for parasite killing, such as

IL-12 and nitric oxide, while this sugar-binding protein did not affect

IL-10 production (18).

On the other hand, galectin-3 behaves in most cases as a ‘pro-

inflammatory cytokine’, as has been demonstrated by the attenu-

ated inflammatory response in galectin-3 knock-out mice (33).

However, this lectin has been recently shown to suppress T2-

type-mediated allergic inflammation by blocking IL-5 synthesis

by human eosinophils and antigen-specific T-cell lines (55). In

this context, it is interesting that galectin-1 is able to skew the

balance of the immune response towards a T2-type cytokine

profile, while galectin-3 downregulates IL-5-mediated T2-type

responses.

Galectins as novel chemoattractants

Recent evidence indicates that galectins may also act as a new class

of chemoattractants sharing many features with chemokines (56). In

this sense, recombinant human galectin-3 promotes chemotaxis of

human monocytes (56). The chemotactic activity of galectin-3 is

inhibited by pertussis toxin, suggesting that a G-protein-coupled

receptor may be involved in this process. In vivo, galectin-3 recruits

monocytes, eosinophils and neutrophils in a mouse air-pouch model

(56).

On the other hand, galectin-9 (also called ecalectin) is secreted by

antigen-stimulated T lymphocytes and has been identified as a

potent eosinophil-specific chemoattractant and a novel eosinophil-

activating factor (57).

A critical role for galectins in innate immune responses

In addition to the role of galectins in adaptive immune responses,

these sugar-binding proteins also modulate acute inflammatory

processes and innate immunity (58–60). We have demonstrated

that galectin-1 inhibits bee venom phospholipase A2-induced

oedema in a selective and dose-dependent manner, when pre-

injected or co-injected together with the enzyme (58). In addition,

we showed that this protein modulates alternative pathways of L-

arginine metabolism in rat peritoneal Mfs by inhibiting inducible

nitric oxide synthase activity and promoting activation of the

arginase pathway (60). Recent findings also indicate that galectin-

1 may inhibit neutrophil chemotaxis and transendothelial migra-

tion (61).

As previously mentioned, in contrast to the anti-inflammatory

effects of galectin-1, studies of induction of peritonitis in galectin-3-

deficient mice provided significant support for the pro-inflamma-

tory role of this lectin (33, 62). After intraperitoneal injection of

thioglycolate, galectin-3 knock-out mice exhibited a significantly

reduced number of recoverable granulocytes, compared to wild-

type animals (33, 62). Interestingly, Karlsson and colleagues (63,

64) showed that both galectin-1 and -3 induce activation of the

superoxide-producing NADPH-oxidase at similar levels in primed

neutrophils.

In addition to the role of galectins in activating the respiratory

burst, galectin-3 has been shown to modulate neutrophil adhesion to

laminin (46). Moreover, recent findings showed that galectin-3 is

upregulated in endothelial cells during Streptococcus pneumoniae

infection (48) and that this protein mediates neutrophil adhesion to

endothelial cells in vitro. More recently, Sano and colleagues high-

lighted a critical role for galectin-3 in phagocytosis by Mfs (59).

Compared with wild-type Mfs, galectin-3-deficient cells exhibited

reduced phagocytosis of Ig G-opsonized erythrocytes and apoptotic

thymocytes both in vitro and in vivo.

Concerning the influence of other galectins in the modulation of

innate immune response, recent findings indicate that galectin-8 is

capable of modulating neutrophil functions related to transendothe-

lial migration and microbial killing (65).

Rabinovich et al : Galectins during the course of the inflammatory response
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Galectins in concert: orchestrating and
resolving the inflammatory response in vivo

Suppression of autoimmunity and chronic inflammation

A growing body of experimental evidence indicates that galectins

may play a key role in the initiation, amplification or resolution of

chronic inflammatory processes (4).

Galectin-1, a proto-type member of the galectin family, has been

proposed to be, in general, a negative regulator of the immune

response (4). In vivo, this b-galactoside-binding protein prevents the

development of chronic inflammation and ameliorates the ongoing

disease in experimental models of autoimmune encephalomyelitis

(66), arthritis (51), colitis (52) and hepatitis (53) (Table 1). We have

demonstrated, using gene and protein therapy strategies, that

galectin-1 suppresses the chronic inflammatory response in

collagen-induced arthritis in DBA/1 mice, an experimental model of

rheumatoid arthritis (51). Injections of fibroblasts genetically

engineered to secrete galectin-1 or continuous administration of

recombinant galectin-1 after the onset of the disease abrogated

clinical and histopathological manifestations of arthritis (51). More-

over, lymph node cells from galectin-1-treated mice were more

susceptible to antigen-induced apoptosis than vehicle-treated mice.

Galectins as cytokine-like molecules with sugar-binding

activity

As discussed in the section entitled, galectin-1 treatment induced a

shift from a T1- towards a T2-polarized immune response, character-

ized by decreased IFN-g and increased IL-5 production (51). The

molecular mechanisms involved in galectin-1-induced T2 cytokine

polarization are currently under study in our laboratory.

Interestingly, we also found that synovial tissue from patients

with juvenile rheumatoid arthritis (JRA) has significantly less galec-

tin-1, but more galectin-3 than normal synovial tissue (67). This

regulated expression correlated with decreased mononuclear cell

apoptosis in synovial tissue from these patients. In addition, recent

evidence indicates that galectin-3 levels are elevated in sera and

synovial fluids from patients with rheumatoid arthritis (RA) and

that intracellular accumulation of galectin-3 can be enhanced by

TNF-a (a typical pro-inflammatory cytokine) in RA synovial fibro-

blasts (68). A hypothetical model of a cross-talk between galectin-1

and galectin-3 in the context of an inflamed arthritic joint is

illustrated in (Fig. 3).

The immunosuppressive activity of galectin-1 has also been

demonstrated in Con-A-induced hepatitis, a T-cell-dependent model

of liver injury in mice, characterized by the presence of infiltrating

T cells in the liver (53). Galectin-1 prevented both liver injury and T-

cell infiltration induced by Con-A, an effect associated with selective

elimination of Con-A-activated T cells and suppression of Con-

A-induced TNF-a and IFN-g production (53). Furthermore, these

findings have been recently confirmed in T1-mediated experimental

colitis, an inflammatory bowel disease induced by intrarectal admin-

istration of 2,3,4-trinitrobenzene sulfonic acid in mice, demonstrating

a striking improvement in the clinical and histopathological manifes-

tations of the disease after prophylactic and therapeutic administra-

tion of recombinant galectin-1 (52).

In addition to its role in T1-mediated autoimmune processes,

galectin-1 might also participate in autoantibody-mediated chronic

inflammation, as a galectin-1 homologue purified from the fish

Electrophorus electricus was able to prevent the development of

experimental myasthenia gravis in rabbits (69). Furthermore, galec-

tin-1, -3 and -9 were also tested for their ability to modulate the

progression of nephrotoxic nephritis induced by injection of anti-

glomerular basement membrane serum in Wistar Kyoto rats (70).

Interestingly, the presence of anti-galectin-1 autoantibodies has been

identified in several autoimmune and chronic inflammatory disorders,

such as Chagas’ cardiomiopathy (71), suggesting that they might play

a role in the pathogenesis of human autoimmune diseases.

As previously mentioned, galectin-3 appears to be a positive

regulator of inflammation in vivo. Inflammatory peritoneal cells

from galectin-3-deficient mice showed significantly reduced levels

of NF-kB activation (33). The role of other members of the galectin

family in chronic inflammation in vivo still remains to be explored.

Galectins and allergic inflammation

Recent evidence indicates a role for galectins in T2-mediated allergic

inflammation. As mentioned above, galectin-3 has been shown to

downregulate IL-5 gene expression on eosinophilic cell lines and

allergen-specific T cells (55). Consistently, Del Pozo and colleagues

(72) recently found that galectin-3 gene delivery inhibits bronchial

obstruction and inflammation in an experimental model of asthma

through IL-5 downregulation in the lungs, suggesting that it could be

a novel therapeutic approach for the treatment of allergic asthma.

Regarding the role of other members of the galectin family in

allergic inflammation, galectin-1 has been recently shown to inhibit

eosinophil migration in vitro (73) and degranulation of tissue mast

cells in vivo in a model of acute inflammation (58). On the other hand,

galectin-9 has been identified as a potent eosinophil-specific chemoat-

tractant (57), suggesting a potential role for this protein in allergic

reactions. In addition, Dunphy and colleagues (74) have identified a novel

eosinophil-specific galectin (galectin-14) released into the lumen of the

lungs in response to an allergenic challenge in a sheep asthma model.
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Use of galectins as immunosuppressive agents in

transplantation and GVHD

The ability of galectin-1 to suppress the allogeneic T-cell response

through apoptotic and non-apoptotic mechanisms (11) suggests its

potential use for immunosuppression in organ transplantation and

GVHD.

In this context, Baum and colleagues (54) have recently explored

the efficacy of galectin-1 treatment in a murine model of GVHD. They

found that 68% of galectin-1-treated mice survived of GVHD, com-

pared to 3% of vehicle-treated mice. Galectin-1 treatment signifi-

cantly improved reconstitution of normal splenic architecture

following haematopoietic stem-cell transplantation and, similar to

its effects on autoimmune settings, this b-galactoside-binding protein

reduced the production of T1-type cytokines (54).

Role of galectins during microbial infection

In order to study the effect of galectin-1 on the microbicidal activity

of Mfs, we used T. cruzi infection as a model of an intracellular

infection (18). Galectin-1 induced a biphasic modulation of parasite

replication and cell survival in Mfs isolated from T. cruzi-infected

mice or in cell lines infected in vitro with living trypomastigotes (18).

While low concentrations of this protein increased parasite replica-

tion and did not affect cell survival, high inflammatory doses of

galectin-1 promoted Mf apoptosis and decreased the number of

intracellular amastigotes and extracellular trypomastigotes (18).

Interestingly, low concentrations of this sugar-binding protein

were sufficient to downregulate critical mediators for parasite kill-

ing, such as IL-12 and nitric oxide, while it did not affect IL-10

production.

Recently, Pelletier and colleagues (75, 76) proposed that galectin-3

and -9 recognize specific glycoepitopes in Leishmania major and can

distinguish between Leishmania major and other species, suggesting

that these galectins might act as immunomodulators that could

influence the course of parasite-specific immune responses in leish-

maniasis. Furthermore, recent findings indicate that altered glyco-

sylation of T cells during human immunodeficiency type 1 (HIV-1)

infection increases the susceptibility to galectin-1-induced cell death

Cartilage

Synovial
membrane

Established rheumatoid arthritis

B cell

Plasma cell

Th0

Th1

Th2

Macrophage

Chondrocyte
FibroblastOsteoclast

Rheumatoid factor
and other autoantibodies

TNF-α

IL-6
IL-1

Production of metalloproteinases and other effector molecules 

Migration of polymorphonuclear leukocytes 

Erosion of bone and cartilage

IL-4
IL-10

IL-4
IL-10

IFN-γ
IL-12

IFN-γ

Gal-1
Gal-1

Gal-1

Gal-1 Gal-3

Gal-3

Gal-3

Gal-3

StimulationInhibition

Bone

Fig. 3. Galectins in immunopathology. Potential effects of galectin-1 (Gal-1) and galectin-3 (Gal-3) in the context of inflamed synovial
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(77), suggesting that this apoptotic pathway may contribute to HIV-1-

induced immunosuppression.

Targeting cancer and metastasis

A correlation has been established between galectin expression in

tumour tissues or tumour-associated stroma and disease progression

in human and murine tumours, including breast cancer, prostate

carcinomas, thyroid cancers, colon carcinoma, skin cancer, lym-

phoma, ovarian carcinomas and astrocitomas (78).

In fact, galectins have been implicated in many cellular functions

that are crucial during cancer progression and metastasis (78), includ-

ing homotypic cell aggregation, cell adhesion, cell migration, apopto-

sis and tumour cell proliferation. In addition, we have recently

demonstrated that tumours can overwhelm T-cell effector functions

through galectin-1-dependent mechanisms. By a combination of in

vitro and in vivo experiments using knock-down transfectants, we

established a link between galectin-1-mediated immunoregulation

and its contribution to tumour-immune escape (79). Blockade of the

inhibitory effects of galectin-1 within tumour tissue resulted in

reduced tumour mass and enhanced tumour rejection, stimulating

the generation of a potent tumour-specific T1-type response in

syngeneic mice (79). Because human tumours express a complex

pattern of galectin expression (80), future studies are warranted

to dissect the functional role of individual members of the

galectin family in tumour progression, tumour-immune escape and

metastasis.

Conclusions and future perspectives

Recent advances in the understanding of the contribution of

cell-surface glycoconjugates and carbohydrate-binding proteins to

inflammatory processes have motivated the design of synthetic

glycoconjugates or lectins as candidates for future generations of

therapeutic drugs.

The evidences presented in this study illustrate the importance of

different members of the galectin family in the regulation of innate

and adaptive immune responses. This growing family of endogenous

lectins plays crucial roles in cell-growth regulation, activation, cell

adhesion, cytokine production, chemotaxis and apoptosis. However,

despite considerable progress in elucidating galectin functions within

the immune system, future comparative studies among different

galectins will be necessary to address the precise role of individual

members of the family and their functional redundancy. Moreover,

future work should be performed to elucidate the precise mechanisms

involved in the immunoregulatory properties of this protein family at

the cellular and molecular levels and to examine carefully the

immune system of galectin knock-out mice and their response to

different inflammatory, autoimmune or allergic stimuli. It is intri-

guing that some members of the family will act in the resolution step

of the inflammatory responses, whereas the other members with

similar carbohydrate specificity and conserved amino acid sequence

will contribute to the initiation and amplification of the inflammatory

response. However, it has been recently realized that the same galec-

tin might exert pro- or anti-inflammatory effects depending on multi-

ple factors, including subcellular compartmentalization, activation

state of target cells and concentrations tested.
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