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Conveying glycan information
into T-cell homeostatic programs:
a challenging role for galectin-1
in inflammatory and tumor
microenvironments

Summary: The immune system has evolved sophisticated mechanisms
composed of several checkpoints and fail-safe processes that enable it to
orchestrate innate and adaptive immunity, while at the same time
limiting aberrant or unfaithful T-cell function. These multiple regulatory
pathways take place during the entire life-span of T cells including T-cell
development, homing, activation, and differentiation. Galectin-1, an
endogenous glycan-binding protein widely expressed at sites of inflam-
mation and tumor growth, controls a diversity of immune cell processes,
acting either extracellularly through specific binding to cell surface glycan
structures or intracellularly through modulation of pathways that remain
largely unexplored. In this review, we highlight the discoveries that have
led to our current understanding of the role of galectin-1 in distinct
immune cell process, particularly those associated with T-cell homeostasis.
Also, we emphasize findings emerging from the study of experimental
models of autoimmunity, chronic inflammation, fetomaternal tolerance,
and tumor growth, which have provided fundamental insights into
the critical role of galectin-1 and its specific saccharide ligands in
immunoregulation. Challenges for the future will embrace the rational
manipulation of galectin-1-glycan interactions both towards attenuating
immune responses in autoimmune diseases, graft rejection, and recurrent
fetal loss, while at the same overcoming immune tolerance in chronic
infections and cancer.

Keywords: galectin-1, glycosylation, autoimmunity, tumor-immune escape, tolerance,
inflammation

Galectin—glycan interactions as novel regulatory
checkpoints in immune-cell homeostasis

Complex strategies have evolved in mammals that serve to
orchestrate immune responses to respond to pathogenic
infections and to prevent tumor growth. A failure to mount a
protective response can result in increased susceptibility to
microbial invasion or neoplastic transformation, while the
inability to shutdown exuberant inflammatory responses can
lead to devastating pathological conditions (1-3). Several
interwoven mechanisms have been proposed to control the
magnitude of immune responses, to limit the extent of tissue

damage, and to restore peripheral tolerance. These include a
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number of receptors, cytokines, and inhibitory pathways,
which may act in concert during the lifespan of immune cells
to achieve homeostasis (1-3). Remarkably, dysfunction of
these regulatory pathways may result in a diversity of inflam-
matory and autoimmune conditions. Conversely, aberrant
activation of these counter-regulatory mechanisms may
represent a significant hurdle for the generation of specific
immunity to malignant tumors and chronic infectious
pathogens (3).

Galectins, a conserved family of glycan-binding proteins,
have emerged as pleiotropic regulators of innate and adaptive
immune responses (4, 5). Members of this family share a con-
sensus amino acid sequence and a carbohydrate-recognition
domain (CRD) that is responsible for their [B-galactoside-
binding activity (4, 6). To date, 15 galectins have been
identified in mammals, which have been classified on a
structural basis into three different subfamilies: (i) the
‘proto-type’ galectins (galectin-1,-2,-5,-7,-10,-11,-13,-14,
and -15) that have one CRD and can dimerize; (ii) ‘tandem
repeat-type’ galectins (galectin-4, -6, -8, -9, and -12) that
contain two different CRDs separated by a linker of up to 70
amino acids, and (iii) the ‘chimera-type’ galectin-3 that
contains a CRD connected to a non-lectin N-terminal region
(4, 7). While some members of the galectin family such as
galectins-1 and -3 are distributed in a wide variety of tissues,
others such as galectins-10 and -12 have a more restricted
localization (4). Some members of the galectin family,
particularly those secreted in a soluble form, can signal
immune cells through multivalent recognition of cell surface
carbohydrate structures, either by forming ordered arrays
termed ‘lattices’ or through direct ligand—receptor interactions
(7-10). A typical galectin CRD commonly recognizes poly-N-
[-3GalP1-4GlcNAcB1-]n  (polyLacNAc)

sequences on cell surface glycoconjugates, although consider-

acetyllactosamine

able variations have recently been described among the glycan
specificities of different members of the galectin family
(9, 11, 12). These critical differences, which are chiefly
associated with the multiplicity of LacNAc residues, the extent
of N-glycan branching, and/or the modification of terminal
saccharides (i.e. sialylation or fucosylation) (9, 11, 12), might
offer a possible explanation for the different and some times
contrasting functions of these glycan-binding proteins during
an inflammatory response.

Galectins do not have the signal sequence required for the
classical secretion pathway involving transport through the
endoplasmic reticulum and Golgi apparatus; yet these proteins
are released in high quantities into the extracellular milieu

(6, 13). Although the mechanisms underlying this secretory
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pathway are still uncertain, mutant cell lines which are defi-
cient in the biosynthesis of galectin-1 saccharide ligands have
impaired secretion of galectin-1 (14). Interestingly, it has
been speculated that galectin-1 counter receptors may act
either at the intracellular level by recruiting cytoplasmic galec-
tins to the non-classical export pathway or at the extracellular
level by exerting a pulling force to promote directional trans-
port of galectins across the plasma membrane (15). Despite
this complex scenario, it is still uncertain why galectins are
preferentially found in the extracellular compartment, in spite
of the fact that their structure suggests that they were designed
to be intracellular proteins. From an evolutionary standpoint,
it was speculated that galectins were designed to play intracel-
lular roles but then acquired extracellular activity with the
appearance of multicellular organisms (16, 17).

While other endogenous lectins, including C-type lectins
and Siglecs control immune cell homeostasis through cell—cell
contact-dependent interactions (18-21), some members of
the galectin family, including galectin-1, function as soluble
mediators which act in an autocrine or paracrine fashion to
convey glycan-containing information into distinct transmem-
brane signaling events (22, 23). By triggering multivalent
interactions with cell surface glycoconjugates, galectins can
regulate immune cell trafficking, activation, cytokine secre-
tion, and apoptosis. However, galectins can also regulate
intracellular processes including pre-messenger RNA (mRNA)
splicing, cell-cycle progression, and survival through still
poorly understood mechanisms involving either protein—
protein or protein—saccharide interactions (4). The capacity of
galectins to modulate such a broad range of biological
processes is supported by their considerable plasticity within
intracellular and extracellular microenvironments, as well as
their capacity to establish multivalent interactions with a
repertoire of glycan structures displayed on an assortment of
cell surface glycoconjugates (7, 24). In this regard, the galec-
tin family appears to be much more conservative than other
families of glycan-binding proteins (e.g. C-type lectins), as
they exhibit a more restricted glycan specificity, with multiple

tasks handled by a limited number of family members (16).

Galectin-| as a new player on the scene of
immunoregulation: from biochemistry to physiology and
back again
Galectin-1, a prototypical member of the galectin family, was
discovered more than 20 years ago as a B-galactoside-binding
lectin of 14.5 kDa with hemagglutinating activity (25). Since
then, several studies have identified and characterized galec-

tin-1 in many different tissues of several species, demonstrat-
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ing its widespread distribution in the animal kingdom. How-
ever, it was only in the last decade that this endogenous lectin
appeared in the center of the scene as a fine-tuner of innate
and adaptive immune responses (24).

Within the immune system, galectin-1 is synthesized and
secreted by activated but not resting T and B cells (26-29),
and it is significantly upregulated in activated macrophages,
CD4"CD25" regulatory T cells (Tregs) and decidual natural
killer (NK) cells (30—34). This regulated secretion and prefer-
ential localization suggests a candidate function for galectin-1
in negative regulation of effector T-cell responses. Remark-
ably, expression of galectin-1 is abundant in immune privi-
leged sites such as placenta (34-37), testis (38, 39), and
retina (40, 41) and is significantly altered (up or downregu-
lated) during several pathological conditions including cancer,
infections, and autoimmunity (42—47).

Understanding the biochemical and biophysical features of
galectin-1 is of critical importance for the further dissection of
its immunoregulatory functions. Galectin-1 can be found as a
monomer as well as a non-covalent homodimer composed of
subunits of 14.5 kDa, each containing an identical CRD which
is characterized by its specificity for poly-LacNAc structures
displayed on both N- and O-glycans (48, 49). The presence of
more than one CRD in a galectin-1 homodimer makes it well-
suited for mediating cell-cell and cell-matrix interactions,
triggering intracellular signaling, and forming lattices (7, 8).
Yet, galectin-1 exhibits unique biochemical properties which
make its functional analysis even more complex. This protein
contains unpaired cysteine residues in the CRD that, in the
absence of carbohydrate binding activity, can form intramo-
lecular disulfide bonds and thereby diminish its known
biological functions (48). This is probably one of the most
challenging obstacles to overcome before considering galec-
tin-1 as a potential therapeutic target. In this regard, a recent
study has provided a connection linking these biochemical
features, demonstrating that glycan recognition partially pro-
tects galectin-1 from oxidative inactivation and enhances
galectin-1 dimerization (10). However, if optimal galectin-1
activities are imposed by a reducing microenvironment, a still
unanswered question is why galectin-1 is preferentially local-
ized to the extracellular milieu where the risk of oxidative
inactivation is extremely high. In addition, another particular
feature of galectin-1, which also characterizes other members
of the galectin family, relates to the divergent functions of this
protein, as galectin-1 may act either as a pro-survival signal or
pro-apoptotic factor in different cell types and likewise may
display either pro- or anti-inflammatory effects in different

microenvironments. Hence, challenges for the future will
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include a thorough analysis of the interplay between
biochemical and biophysical features of galectin-1 and its
immunological effects in different tissues, as well as the
relevance of different physicochemical parameters in regulat-
ing galectin-1 functions in physiological and pathological
settings. These include but are not limited to (i) the influence
of oxidative versus reducing microenvironments in regulating
galectin-1 activity (10), (ii) the contextual regulation of
galectin-1—glycan interactions (e.g. prevalence of cytokines,
temperature, pH at sites of inflammation, etc) (50-53), (iii) a
careful analysis of the specificity of galectin-1 toward complex
glycans at physiological concentrations and re-examination of
its avidity for common glycoconjugates (9, 54, 55), (iv) the
levels of galectin-1 attained in vivo in physiological and patho-
logical settings (56), and (v) the independent and often con-
trasting functions exerted by monomeric or dimeric forms of
this protein (57-59). In addition, it is of critical importance
to discriminate between the prevailing extracellular or intra-
cellular activities of galectin-1 in vivo. Thus, a multidisciplinary
approach connecting the expertise of biochemists, glycobiolo-
gists, and immunologists is essential to establish a definitive
role of endogenous galectin-1 during the development and
resolution of immune responses.

In the present review we dissect the functional significance
of galectin-1—glycan interactions in key regulatory processes
involved in T-cell physiology, including T-cell survival,
signaling, cytokine secretion, and migration. In addition, we
underscore the emerging role of galectin-1 as a critical media-
tor of the immunosuppressive activity of Tregs (Fig. 1). Lastly,
we highlight the landmarks which set the basis for postulating
galectin-1 as a novel therapeutic target, particularly the role of
this glycan-binding protein in delineating an immunosup-
pressive microenvironment at the maternal-fetal interface, its
ability to restore T-cell tolerance in inflammatory and autoim-
mune disorders, and the pitfalls of its role in hampering

T-cell-dependent immunity in neoplastic settings.

Regulatory checkpoints targeted by galectin-1 during
the lifespan of T cells

Regulatory checkpoint |: control of T-cell survival

Apoptotic mechanisms are critical to regulate the development
and shaping of the T-cell repertoire in the thymus (60). More-
over, they are at the heart of peripheral tolerance, serving to
control self-reactive T cells, restore T-cell number following
execution of effector functions, and prevent immune-mediated
pathology. Several regulatory pathways may act in concert

to regulate T-cell death programs including endogenous
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Fig. 1. Regulatory effects of galectin-1 at different checkpoints during the lifespan of T cells. Galectin-1—glycan interactions may influence T-cell
physiology through modulation of a variety of regulatory checkpoints including T-cell survival, TCR-mediated signaling, T-cell trafficking, and
cytokine secretion. These cellular processes take place along the entire lifespan of T cells including T-cell development in the thymic compartment,
activation and differentiation into effector or regulatory T cell subsets in secondary lymphoid organs, and execution or regulation of effector T-cell
functions in peripheral tissues. ERK, extracellular signal regulated kinase; TCR, T-cell receptor; Th, T-helper; Treg, regulatory T cells.

glucocorticoids and T-cell receptor (TCR) signals within the
thymic microenvironment, as well as members of the tumor
necrosis factor receptor (TNFR) family within the peripheral
compartment (60). Genetic disruption of these pathways
leading to the occurrence of autoimmune pathology has
provided critical insights into the role of apoptosis in
peripheral T-cell homeostasis (61).

Considerable evidence has been accumulating regarding the
role of galectin-1 in the control of T-cell viability along the
whole lifespan of T cells from developing thymocytes to
activated and fully-differentiated effector T cells (28, 31, 34,
62-79) (Fig. 1). T-cell susceptibility to galectin-1-induced cell
death may be regulated at least at three distinct levels. First,
galectin-1 sensitivity may be influenced by the presence of

specific glycoprotein receptors. Interestingly, while many cell
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surface glycoproteins contain substantial amounts of LacNAc
glycans, galectin-1 binds to a restricted set of T-cell surface
glycoproteins (i.e. CD45, CD43, CD2, CD3 and CD7) (64, 73,
80). Of these, CD7 appears to be essential for galectin-1-
induced cell death (81) and Sezary cells, the malignant T cells
in mycosis fungoides that lack CD7 expression are resistant to
the pro-apoptotic effects of this protein (82, 83). Of note,
galectin-1 binding to T cells induces redistribution of specific
glycoproteins into membrane microdomains, thus allowing
signaling and activation of specific downstream effectors mol-
ecules (64). On the other hand, galectin-1 binding is limited
to those cells that are able to generate specific saccharide
ligands by expressing a set of particular glycosyltransferases
responsible of creating or modifying cell surface glycoconju-

gates. In this regard, cell death triggered by galectin-1-glycan

147



Rabinovich & llarregui - Control of T-cell homeostasis by galectin- |

interactions involves the expression and activity of the core 2
(GCNT1) (66), an

enzyme responsible of creating the core 2 branch on O-gly-

B-1,6 N-acetylglucosaminyltransferase

cans, thus allowing the exposure of poly-N-acetyl-lactosamine
sequences, which are the preferred saccharide ligands of
galectin-1. In this regard, lymphoma T cells lacking core-2-O-
glycans are resistant to galectin-1-induced cell death (84).
Moreover, T-cell susceptibility to galectin-1-induced death
may be also determined by the expression of the 02,6-sialyl-
transferase (ST6Gall), which is responsible for the addition of
sialic acid in 2,6 position of terminal galactose. Increased
ST6Gall activity results in masked galactose residues on T-cell
surface glycoproteins which are no longer able to bind
galectin-1, thus rendering T cells resistant to cell death (85).
However, a given glycosylation profile is not always permis-
sive or restrictive for galectin-1 as CD45" T cells lacking
GCNT1, which are not able to generate core 2-O-glycans, are
resistant to galectin-1-induced cell death (66), while galectin-1
binds to CD43 modified with either unbranched core 1 or
branched core 2 O-glycans (86). In this regard, previous work
claimed that GCNT1 activity may not account for galectin-1-
mediated contraction of the CD8 T-cell compartment, as
neither galectin-1 binding nor cell death was altered in CD8"
T cells lacking GCNT1 (87). Thus, a given glycosylation
profile may impact differently on galectin-1-mediated effects
depending on the cell type and the target glycoprotein impli-
cated. These apparent discrepancies and experimental differ-
ences remain to be reconciled in future work.

Interestingly, N- and O-glycosylation can dramatically
change all the way through the lifespan of T cells (18, 19),
thus allowing or restricting binding of galectin-1. This effect
is clearly evident during T-cell development (63), activation
(88) and T-helper cell differentiation (76). In addition, galec-
tin-1-induced death may be controlled by upstream or down-
stream intracellular events, which may amplify or prevent the
apoptotic signal triggered by this protein. In this regard, a
functional cross-talk has been reported between different
members of the galectin family, as expression of intracellular
galectin-3 rendered T cells resistant to galectin-1-induced cell
death (69, 89). Hence, the susceptibility to galectin-1 is
tightly controlled by the selective expression of a preferred set
of glycoreceptors, the spatiotemporal expression, and activity
of different glycosyltransferases creating or masking specific
galectin-1 ligands, and the activation or silencing of intracel-
lular pathways.

The signal transduction events that lead to apoptosis
induced by galectin-1 involve several intracellular mediators

of apoptosis, including in some cases induction of specific
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transcription factors [i.e. activator protein 1 (AP-1)] and
modulation of B-cell leukemia/lymphoma 2 (Bcl2) protein
expression (28, 65, 72, 90), sphingomyelinase-mediated
release of ceramide (70, 72), and the involvement of proximal
signals such as lymphocyte protein tyrosine kinase (p56lck)
and C-chain-associated protein kinase of 70 kDa (ZAP70) (91).
In addition, galectin-1 triggers a cell death program which
involves mitochondrial morphogenetic changes including
mitochondrial coalescence, budding, and fission (70). Yet, a
still unresolved issue is whether galectin-1-induced death
involves activation of a caspase-dependent or independent
pathways. While some studies found induction of apoptosis
through Fas (TNFR superfamily member 6)-, cytochrome
(69).
demonstrated the ability of galectin-1 to trigger activation of

¢-, and caspase-independent mechanisms others
caspases-9 and -3 (72) and sensitize T cells to a Fas/caspase-
8-mediated apoptotic pathway (28, 70, 78).

In spite of considerable efforts toward elucidating the
intricate mechanisms involved in galectin-1-mediated death,
the physiological relevance of this biological effect is less
understood. While galectin-3 selectively kills CD4 CD8™
thymocytes, galectin-1 deletes double negative and double
positive thymocytes with equal efficiency (73), suggesting the
potential involvement of this protein as a pro-apoptotic signal
in thymocytes who fail to survive positive selection and those
undergoing negative selection. In addition, the preferential
expression of galectin-1 in activated but not resting T cells
(26, 27), suggests a potential autocrine inhibitory mechanism
by which galectin-1 may blunt T-cell responses after the
completion of an immune response. These interesting func-
tions of galectin-1 during T-cell development and activation
still remain to be fully elucidated in in vivo settings.

In this regard, we have provided a proof-of-concept of the
critical role of endogenous galectin-1 in the control of
T-helper cells in antigen-specific and inflammatory settings.
Using in vitro and in vivo experiments, we found a link between
differential glycosylation of T-helper cells, susceptibility to
galectin-1-induced cell death, and termination of the inflam-
matory response (76). While T-helper type 1 (Thl)- and
Th17-differentiated cells expressed the repertoire of cell
surface glycans that are critical for galectin-1 binding and cell
death, Th2 cells were protected from galectin-1 through
differential a2,6 sialylation of cell surface glycoproteins (76).
Remarkably, in vivo-differentiated antigen-specific T-helper
cells (i.e. Thl cells generated in vivo by dendritic cells pulsed
by the bacteria Propionibacterium acnes and Th2 cells driven by
dendritic cells pulsed with Schistosoma mansoni egg antigen)

displayed comparable glycophenotypes and susceptibility to
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galectin-1 as in vitro human polarized T-helper cells (76).
Accordingly, galectin-1-deficient mice showed greater Thl
and Th-17 responses and enhanced susceptibility to autoim-
mune brain inflammation than their wildtype counterpart
(76), demonstrating the critical role of endogenous galectin-1
in controlling T-cell homeostasis. Collectively, these data indi-
cate that differential glycosylation of cell surface glycoproteins
can selectively control the survival of T-helper cells by modu-
lating their susceptibility to galectin-1. In line with this
evidence, Motran et al. (89) showed that Th2 cells can promote
Th1 cell apoptosis through secretion of galectin-1, suggesting
a lectin-dependent mechanism of cross-regulation between
distinct T-helper subsets. Furthermore, recent studies, using
in vivo injections of recombinant galectin-1 in NOD diabetic
mice, confirmed the ability of galectin-1 to eliminate
selectively Th1 and Th17 effector cells, while sparing Th2 cells
(92). Likewise, CD8" T cells also appeared to be sensitive to
galectin-1-induced immunoregulation as shown in autoim-
mune and cancer settings (92, 93).

In contrast to the pro-apoptotic effects of galectin-1 on acti-
vated T cells, Endharti et al. (71) demonstrated that secretion
of this protein by lymph-node stromal cells supports the sur-
vival of naive T cells without promoting their proliferation.
Hence, in addition to the unique biochemical features of
galectin-1 and its regulated expression, the immunoregulatory
effects of galectin-1 may be also controlled by extrinsic factors
including the nature of target T cells (i.e. whether they are
naive, activated, or effector T cells). In addition, Stowell et dl.
(94, 95) claimed that in the absence of a reducing agent such
as dithiotreitol (DTT), galectin-1 does not alter the viability of
T cells. To eliminate the potential confounding effects of DTT
on cell viability, the authors stabilized the protein using the
alkylating agent iodoacetamide, and verified that, under these
conditions, galectin-1 did not affect T-cell apoptosis, but still
retained biological activity toward T cells to favor the synthe-
sis of interleukin-10 (IL-10) (95). These results suggested
caution in the assignment of intrinsic pro-apoptotic activities
to galectin-1 independent of extrinsic factors, including the
surrounding microenvironment. In this regard, the demon-
stration of galectin-1 effects in vivo at sites of inflammation,
where the risk of oxidative inactivation is high, is of critical
importance to understand the mechanisms used by galectin-1
to overcome oxidative inactivation, while keeping its biologi-
cal activities. Specifically, it is worth mentioning that the
thiol-redox state of lymphoid organs or peripheral tissues is
dramatically altered during ongoing T-cell responses (96)
suggesting that endogenous galectin-1 might trigger T-cell

death depending on the fluctuations of the redox state in
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inflammatory or tolerogenic microenvironments. Thus, while
putting forward galectin-1 as a potential candidate for thera-
peutic manipulation (see below), efforts are being made to
overcome these drawbacks, including the design of leucine-
zipper based or covalently linked stable galectin-1 homodi-
mers (67, 97) as well as the generation of cysteine-free
mutants of galectin-1, obtained by substituting all cysteines
with serine residues (98). Of interest these variants can signal
T cells, suppress T-cell proliferation, induce T-cell apoptosis,
or modulate cytokine production with equal or even more
potency than wildtype recombinant galectin-1. However,
despite considerable advances, more work is still necessary to
address the role of endogenous galectin-1 in the regulation of
apoptosis in vivo and to determine the effects of different
microenvironments in controlling the immunoregulatory

activities of this glycan-binding protein.

Regulatory checkpoint 2: control of TCR-mediated
signaling and activation

Negative regulation of T-cell signaling delivered by the anti-
gen receptors and co-receptors plays an important role in
T-cell development and activation. Cell surface inhibitory
receptors including cytotoxic T lymphocyte antigen-4 (CTLA-
4), programmed death-1 (PD-1), and other molecules associ-
ated to immunoreceptor tyrosine-based inhibition motifs
(ITIMs) play a crucial role in delivering negative signals that
regulate the balance between T-cell activation, tolerance, and
immunopathology (2). Although limited information is avail-
able on the role of galectin-1 in TCR-mediated T-cell activa-
tion, this protein has been reported to modulate T-cell
signaling at sites of immunological synapse (Fig. 1). Liu et al.
(99) found that galectin-1 favors TCR-mediated negative
selection in the thymus by promoting a rapid and transient
extracellular signal-regulated kinase (ERK) activation, while
antagonizing ERK activity in thymocytes undergoing positive
selection. In this way, galectin-1, which is synthesized by
cortical and medullary thymic epithelial cells (100, 101), can
differentially regulate the fate of TCR signaling during nega-
tive or positive selection and contribute to shape the nature of
the selected T-cell repertoire. Furthermore, galectin-1 can
antagonize TCR signals that require costimulation such as pro-
liferation and IL-2 production, while allowing TCR responses
that only require partial TCR signals such as apoptosis (102),
thereby providing an alternative explanation for the pro-apo-
ptotic effects of this glycan-binding protein. Thus, galectin-1
may regulate T-cell fate at sites of the immunological synapse
by modulating TCR/costimulator-dependent clustering and

signaling. Similar to galectin-3-N-glycan lattices which have
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been shown to restrict spontaneous TCR clustering and down-
modulate TCR responses (103, 104), galectin-1 might also
contribute to this phenoptype by interacting with N-glycans
modified by the enzyme N-acetylglucosaminyltransferase 5
(Mgat5). In this regard, galectin-3 N-glycan lattices suppress
Lck activity and TCR signaling (105). These effects might have
potential implications in the regulation of T-cell physiology at
the cross roads of T-cell activation, tolerance, and immunopa-

thology.

Regulatory checkpoint 3: fine-tuning T-cell adhesion and
trafficking

T-cell homeostasis largely depends on a selective combinato-
rial process involving sequential engagement of specific recep-
tors which can positively or negatively regulate T-cell
adhesion and trafficking. This multistep process is responsible
for targeting effector and regulatory T cells to sites of inflam-
mation, microbial invasion, or tumor growth (106). Cell sur-
face carbohydrates and their specific glycan-binding proteins
(e.g. selectins) play a determinant role in the control of lym-
phocyte homing and the recruitment of leukocytes to second-
ary lymphoid organs and inflamed tissues (107). In keeping
with its anti-inflammatory activities, a critical inhibitory role
has been described for galectin-1 in T-cell adhesion and tran-
sendothelial migration (108—110) (Fig. 1). Exposure of T cells
to galectin-1 blocked adhesion of activated T cells to extracel-
lular matrix glycoproteins such as fibronectin and laminin
(108). In addition, endothelial cell expression of galectin-1
inhibited T-cell transendothelial migration through mecha-
nisms involving clustering of CD43 (109). Furthermore,
using small interfering RNA (siRNA)-mediated silencing strat-
egies, Norling et al. (110) found that galectin-1 limits T-cell
capture, rolling, and adhesion to activated endothelial cells
under flow. These anti-inflammatory effects were confirmed
in vivo in galectin-1-deficient mice, where trafficking to mesen-
teric lymphoid organs and inflamed tissues was significantly
augmented compared with their wildtype counterpart. These
results entail a different regulatory checkpoint by which
galectin-1 may contribute to T-cell homeostasis during

inflammatory reactions.

Regulatory checkpoint 4: modulation of the cytokine
balance

An imbalance of pro-inflammatory and anti-inflammatory
cytokines results in the loss of immune tolerance and the
subsequent appearance of inflammatory autoimmune condi-

tions (111). Although the underlying mechanisms are still
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poorly understood, different members of the galectin family
can regulate the balance of pro- or anti-inflammatory cyto-
kines. In this regard, one of the most consistent findings in
the literature is the ability of galectin-1 to skew the balance
from a Thl- and Thl17- toward a Th2-polarized immune
profile in several experimental models of chronic inflamma-
tion, autoimmunity, and cancer (see next section). Although
this effect may be clearly explained by our findings on the
selective pro-apoptotic effect of galectin-1 on Thl and Th17
effector cells and the sialylation-dependent resistance of Th2
cell subsets (76), galectin-1 may also suppress Thl-type
cytokines and promote the synthesis of Th2-derived cytokines
through non-apoptotic mechanisms (28, 89, 95, 97, 108)
(Fig. 1). Early studies from our group demonstrated that
treatment of T cells with low concentrations (approximately
0.01-0.10 pM) of recombinant

inflammatory and Th1 cytokine production without affecting

galectin-1 blunts pro-
T-cell viability (28, 108). More recently, several reports dem-
onstrated a consistent induction of IL-10 in non-activated and
activated CD4" and CD8" T cells upon exposure to recombi-
nant galectin-1 in vitro (95, 97) and following its administra-
tion in vivo (37, 92, 112). As mentioned above, galectin-1
secreted by Thl cells also contributed to immunoregulation
by sustaining TCR-induced Th2 cytokine production (89).
These results argue for several immunoregulatory mecha-
nisms, including T-helper cytokine regulation, accounting for
the broad anti-inflammatory effects of this glycan-binding

protein in vivo (see below).

Regulatory checkpoint 5: control of Treg cell function

The investigation of suppressor or Tregs has witnessed a
renaissance in the past few years (113). Endowed with the
ability to suppress T-cell responses, Tregs including naturally-
occurring and inducible CD*CD25 " forkhead box p3 (Foxp3)™
Tregs, as well as IL-10-producing Trl cells, hold the promise
of preventing allograft rejection, restoring tolerance at the
maternal-fetal interface and limiting pathogenic inflammatory
responses (113). In addition, they may represent a significant
hurdle for successful tumor immunity and resolution of
microbial infections (114). The dramatic immunosuppressive
effects of galectin-1 in vivo (5) prompted us to investigate the
ability of this glycan-binding protein to modulate the Treg
compartment. Remarkably, administration of galectin-1 in
experimental models of autoimmune ocular inflammation
(112) and stress-induced pregnancy failure (37) restored
T-cell tolerance and resulted in considerable expansion of
IL-10-producing CD4"CD25"#" Tregs (Fig. 1). Interestingly,
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these cells showed no significant variations in the levels of
Foxp3 expression but had considerable immunosuppressive
activity in vivo. However, using in vitro differentiation systems,
exposure of T cells to galectin-1 resulted in significant expan-

sion of a population of CD4"CD25™¢"

Tregs with high Foxp3
expression (77). Whether galectin-1 stimulates the differenti-
ation and/or expansion of both Foxp3™ and Foxp3™ Tregs still
remain to be ascertained.

Interestingly, analysis of gene expression profiles of regula-
tory versus effector T cells revealed a substantial increase in
Lgals] mRNA (the transcript encoding galectin-1 protein) in
naturally occurring Treg cells (32, 33). Notably, Lgals] overex-
pression was found to be Foxp3-independent similar to other
upregulated genes such as granzyme B and Helios (32). Remark-
ably, antibody-mediated blockade of galectin-1 significantly
reduced the suppressive effects of human and mouse
CD4"CD25" Tregs, indicating that endogenous galectin-1 was
required for maximal Treg function (33). Thus, galectin-1
may influence the Treg compartment by modulating the
expansion and/or survival of these cells or by contributing to
their immunosuppressive activity. Further studies are
warranted that will dissect the molecular pathways leading to
galectin-1 overexpression in Tregs, examining the molecular
mechanisms leading to galectin-1-induced Treg expansion
and evaluating the contribution of this endogenous lectin to
Treg-induced immunosuppression in settings of pathophysio-
logic relevance. How galectin-1 decodes glycan-containing
information to selectively amplify Th2-and Treg-cell homeo-

static programs still remains to be explored.

Galectin-1 in vivo: lessons from experimental models at
the cross roads of health and disease

The cross-talk among different cellular processes and check-
points modulated by galectin-1, including T-cell survival,
signaling, trafficking, cytokine production, and Treg function,
may lead to critical although unexpected immunoregulatory
phenotypes when examined in the context of physiological
and pathological scenarios. In addition, galectin-1 may act in
concert with other regulatory pathways (i.e. PD-1/PD-L1,
CTLA-4, indoleamine 2,3-dioxygenase, Fas ligand) to achieve
this

knowledge on the tolerogenic effects of galectin-1 in vivo in

T-cell homeostasis. In section we summarize our
different pathophysiologic settings, including maternal-fetal
tolerance, autoimmunity, and cancer. In particular, we
highlight emerging evidence on the functional significance of
galectin-1 or N-glycans deficiencies in vivo, which clearly

illustrate the relevance of galectin-1—glycan interactions in

© 2009 John Wiley & Sons A/S ® Immunological Reviews 230/2009

Rabinovich & llarregui - Control of T-cell homeostasis by galectin- |

Galectin-1-glycan
interactions

Stimulation @

Blockade

- Overcomes T cell
tolerance
- Augments anti-tumor
immune responses

-Attenuates autoimmunity
- Prevents allograft rejection

- Restores T cell tolerance
at the feto-maternal interface

Fig. 2. The dual effects of galectin-1—glycan lattices in the control

of immunopathology: two sides of the same coin? Given thes broad
spectrum of T-cell inhibitory activities of galectin-1, this glycan-binding
protein as well as its specific saccharide ligands have been postulated as
candidate therapeutic targets for attenuating immune responses in auto-
immune diseases, preventing graft rejection and restoring T-cell tolerance
at the fetomaternal interface, thus preventing recurrent fetal loss. On the
other hand, blockade of galectin-1—glycan interactions may contribute to
overcome immune tolerance in tumor microenvironments, thus stimulat-
ing the development of tumor-specific immune responses.

immune cell homeostasis and their contribution to immuno-

pathology (Fig. 2).

Preserving homeostasis at the maternal-fetal interface

An essential feature of successful mammalian reproduction is
maternal tolerance to the presence of semiallogeneic fetus
(115). Multiple tolerance mechanisms operate at the fetoma-
ternal interface to induce immune tolerance, including modu-
lation of the Th1-Th2 cytokine balance, specific recruitment
of cD4"CcD25* Tregs, expansion of decidual NK cells, induc-
tion of decidual T-cell apoptosis, and activation of negative
regulatory pathways such as those triggered by PD-1/PD-L1
(115, 116). Given the ability of galectin-1 to control multiple
regulatory checkpoints, we examined the role of this glycan-
binding protein in immune cell tolerance at the fetomaternal
interface. Galectin-1 is abundant in the human and mouse
female reproductive tracts (117, 118) and is differentially
expressed in normal and pathological placenta (119) and
uterine decidual NK cells (34). Using an established mouse
model of stress-induced pregnancy failure, we found that
recombinant galectin-1 prevents fetal loss and restores toler-
ance in vivo (37). Consistent with those findings, galectin-1-
deficient female mice showed higher rates of fetal loss
compared with their wildtype counterpart in allogeneic but

not syngeneic matings; yet, no changes were observed in
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placentation or decidualization processes (37). Investigation
of the mechanisms involved in these regulatory effects
revealed the ability of galectin-1 to restore the Th1/Th2 cyto-
kine balance, promote expansion of IL-10-producing Tregs
and favor the recruitment of uterine dendritic cells with a
regulatory phenotype (37). The differential expansion of
dendritic cells in regional lymph nodes and uterine tissue
suggested the ability of galectin-1 to selectively regulate the
trafficking of these antigen-presenting cells, in line with
previous observations indicating a role for this glycan-binding
protein in promoting dendritic cell migration (120). Remark-
ably, a functional cross-regulation between progesterone and
galectin-1 has been reported at the fetomaternal interface
(37), indicating a novel immune-endocrine mechanism to
regulate fetal tolerance during pregnancy. In line with these
findings, Kopcow et al. (34) found that human decidual NK
cells secrete considerable amounts of galectin-1 which induce
apoptosis of decidual but not peripheral T cells. Similar to Th1
and Th17 subsets (76), decidual T cells expressed the reper-
toire of cell surface glycans compatible with high sensitivity
to galectin-1 (34). Strikingly, the role of galectin-1 in
pregnancy preservation has been further supported by phylo-
genetic analysis showing the acquisition of steroid responsive
elements in the Lgals] promoter as well as selective gain of
cysteine residues involved in redox regulation early during
the emergence of placental mammals (121). Strikingly, the
most intense selection process in Lgals] gene was found on
residues localized within the CRD and the dimerization inter-
face (121), suggesting adaptation of these biochemical features
to immune regulatory effects. Collectively, these data under-
score an evolutionarily-conserved function of progesterone-
regulated galectin-1 in establishing maternal-fetal immune
tolerance through modulation of a hierarchy of regulatory
pathways. In addition, these results emphasize a potential
approach for therapeutic intervention aimed at re-establishing

immune cell homeostasis in failing pregnancies (Fig. 2).

Restoring tolerance in chronic inflammation and
autoimmunity

Altered activity of key regulatory checkpoints, including
galectin-1—glycan interactions, may contribute to the patho-
physiology of autoimmune diseases by tipping the balance
toward inflammation (Fig. 2). With the increased availability
of null mutant mice and the emerging strategies for studying
the cell surface ‘glycome’, the investigation of glycan-binding
proteins and glycan structures in tolerance induction and

autoimmunity is becoming more and more exciting (122). In
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this context, the immunoregulatory activities of galectin-1
and its specific glycan receptors have been widely acknowl-
edged and extensively studied in several models of chronic
inflammation and autoimmunity (5, 7).

Early in the 1980s, Levi et al. (123) described the protective
effects of electrolectin, a galectin-1 homologue purified from
electric eel, in experimental autoimmune myasthenia gravis in
rabbits. In 1990, Offner et d. (124) showed that galectin-1
can protect Lewis rats from experimental autoimmune
encephalomyelitis (EAE) induction. Although these studies set
the basis for the study of galectin-1 in immunoregulation, the
precise mechanisms of action of this protein were then uncer-
tain.

In 1999, we demonstrated that a single cell injection of
syngeneic fibroblasts engineered to secrete galectin-1 on the
day of the disease onset abrogated clinical manifestations of
collagen-induced arthritis (CIA), an experimental model of
rheumatoid arthritis in DBA/1 mice (125). A comparable sup-
pressive effect in CIA was also observed in response to daily
intraperitoneal injections of recombinant galectin-1 (125).
Investigation of the mechanisms involved in this therapeutic
effect revealed a dramatic role of galectin-1 in skewing the
cytokine balance toward Th2-polarized immune responses.
In addition, lymph node cells from mice engaged in the
galectin-1 gene therapy protocol showed enhanced
susceptibility to TCR-induced apoptosis (125). Similarly,
Santucci et al. found inhibition of tissue injury and attenuation
of Th1-mediated inflammation in animal models of concanav-
alin A-induced hepatitis (126) and trinitrobenzenesulfonic
acid (TNBS)-induced colitis (127) following intravenous
administration of galectin-1. In both models, the authors
found consistent reduction in the frequency of antigen-
activated T cells and decreased production of pro-inflamma-
tory and Thl-type cytokines [TNF-a, interferon-y (IFEN-7v)]
following injection of galectin-1 (126, 127). Similar reduc-
tion of Thl-type responses was found in a mouse model of
graft versus host disease (GVHD), suggesting the potential use
of galectin-1 as an immunosuppressive agent in allogeneic
bone marrow transplantation (128). Interestingly, in this
model, galectin-1 suppressed GVHD without compromising
engraftment or immune reconstitution following allogeneic
hematopoietic stem cell graft (128).

Extending the anti-inflammatory effects of galectin-1 to
immune privileged sites, the immunosuppressive activity of
galectin-1 was further explored in experimental autoimmune
uveitis (EAU), a T-cell mediated model of ocular inflamma-
tion induced by interphotoreceptor retinoid-binding protein

(IRBP). Treatment with recombinant galectin-1 either early or
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late during the course of EAU was sufficient to limit ocular
inflammation and counteract pathogenic Thl
(112). This

inflammation by skewing the uveitogenic response toward a

responses

glycan-binding protein ameliorated retinal

Th2- or Treg-mediated anti-inflammatory response. Remark-
ably, adoptive transfer of IL-10-producing CD4" T cells
obtained from galectin-1-treated mice prevented the develop-
ment of active EAU in syngeneic recipients (112). Of note,
we observed apoptosis in this model only in those mice
receiving galectin-1 during efferent phase of the disease
(112), suggesting the activation of distinct but potentially
overlapping mechanisms operating during galectin-1-induced
immunosuppression. Moreover, in an adoptive transfer model
of autoimmune diabetes, Perone et al. (129) found that trans-
genic dendritic cells engineered to overexpress galectin-1
delayed the onset of diabetes and insulitis in non-obese dia-
betic (NOD)-recombination activating gene 1 (Ragl)™~ mice
(129). This effect was accompanied by increased percentage
of apoptotic T cells and blunted Thl responses in pancreatic
lymph nodes (129). More recently, the authors found that
soluble galectin-1 can prevent the onset of hyperglycemia and
revert B-cell-specific autoimmunity in NOD mice (92), indi-
cating the ability of this protein to suppress autoimmune
inflammation not only in experimentally-induced, but also in
spontaneous models of autoimmune pathology. Although
there is still limited clinical data in human tissues, decreased
expression of galectin-1 was found in patients with juvenile
rheumatoid arthritis (47) and increased occurrence of anti-
galectin-1 autoantibodies was found in sera from patients
with distinct inflammatory disorders which correlated with
poor clinical outcome (41, 130). The biological relevance of
these autoantibodies — whether they have blocking or
pathogenic activity — still remains to be explored.

While the aforementioned models broadly support the
concept of anti-inflammatory effects of galectin-1 when deliv-
ered to sites of inflammation, the function of endogenous
galectin-1 in the evolution of autoimmune inflammation
was lacking until recently, when novel findings emerged with
the careful analysis of null mutant mice (76). Remarkably,
galectin-1-deficient mice showed greater antigen-specific Th1
and Th-17 responses and exhibited more severe autoimmune
inflammation and demyelination than their wildtype counter-
part. Hence, together with increased fetal loss in female preg-
nant mice lacking galectin-1 (37), our findings indicate an
essential role of endogenous galectin-1 in limiting pathogenic
T-cell responses. Whether these biological effects are associ-
ated with the intracellular or extracellular functions of the

endogenous lectin still remains to be established. Strikingly,
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clinical features observed in Lgalsl_/_ mice, including T-cell
hyperreactivity and accelerated demyelination, phenocopied
those found spontaneously in mice lacking GlcNAc-branched
N-glycan structures responsible of forming lattices with multi-
valent galectins (104). These observations further emphasize
the critical role of galectin-1—glycan interactions in regulating

T-cell homeostasis.

Thwarting T-cell responses in cancer

Similar to immune privileged tissues, cancer cells display
multiple immunosuppressive mechanisms to elude T-cell
responses, either to avoid immune recognition or to disable
effector T cells (114, 131). These include alterations of
components of the antigen processing machinery, defects in
proximal TCR signals, activation of negative regulatory path-
ways (e.g. CTLA-4, PD-1/PD-L1, IDO), specific recruitment
of regulatory cell populations and secretion of immunosup-
pressive factors, such as transforming growth factor-f (TGE-f3)
and IL-10 (114, 131). These mechanisms cooperate in
advanced stages of cancer to limit the immune system’s ability
to restrain the tumor and the effectiveness of immunotherapy
strategies to successfully eradicate malignant cells (114).
Recent efforts toward deciphering the ‘poor prognosis’
signature of different tumor types had recurrently led in
microarray and proteomic analyses to the identification of
galectin-1 as a ‘typical’ protein, whose expression is altered in
several tumors and metastatic lessions (42, 43). However, in
sharp contrast with the beneficial effects of galectin-1 in auto-
immune pathology, this endogenous lectin contributes to
tumor malignancy by modulating different steps of tumor
progression including homotypic cell aggregation, tumor cell
migration, and angiogenesis (43, 132). We found that human
and mouse melanoma cells secrete high amounts of galectin-
1, which substantially contributes to the immunosuppressive
activity of these cells (93). Remarkably, silencing of galectin-1
expression within the tumor microenvironment rendered
mice resistant to tumor challenge and stimulated the genera-
tion of a melanoma-specific Thl-type response in tumor-
draining lymph nodes (93). Accordingly, Reed Sternberg
cells, the pathognomic cells in classical Hogdkin lymphoma,
the

secretion of Th2-type cytokines, induced Treg expansion and

selectively overexpressed galectin-1 which favored
suppressed Epstein—Barr virus specific T-cell immunity
(77, 133). Interestingly, a detailed molecular dissection of
Lgals1 gene revealed a critical role for a cell-type specific AP-1-
dependent enhancer in driving the selective expression of

galectin-1 in classical Hodgkin lymphoma and anaplastic large
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cell lymphoma compared with other types of lymphoma cells
(77, 134). In addition, prostate cancer cells which have low
expression of core-2-O-glycans were resistant to galectin-1
but were capable of killing T cells in co-culture experiments
through expression of this glycan-binding protein (135).
Interestingly, the T-cell inhibitory activities of galectin-1 were
confirmed in human tumor tissue, as Le et d. (136) found a
strong inverse correlation between galectin-1 expression and
the presence of viable T cells in tumor sections from head and
neck squamous carcinoma patients. Remarkably, several
stimuli including a hypoxic microenvironment (136), the
immunosuppressive cytokine TGF-B1 (137), the immuno-
modulatory drug cyclophosphamide (138), and the differen-
tiating agent retinoic acid (139) were capable of upregulating
galectin-1 expression in different tumor types. Thus, galectin-
l—glycan interactions may contribute to create an immuno-
suppressive microenvironment at sites of tumor growth by
tilting the balance of T-helper responses, antagonizing T-cell
signaling, promoting Treg expansion and negatively regulat-
ing T-cell viability (Fig. 2). An increased understanding of the
role of galectin-1 in tumor biology will provide new insights
into how the regulation of galectin-1 expression might be

exploited for therapeutic purposes.

Resolving acute inflammation: an earlier homeostatic
checkpoint

Resolution of acute inflammation involves the activation of
endogenous biochemical programs and key regulatory compo-
nents that enable inflamed tissues to return to homeostasis
(140). In spite of its essential role in regulating T-cell homeo-
stasis, galectin-1 may also contribute to terminate acute inflam-
mation as a ‘gatekeeper’ at the cross-roads of innate and
adaptive immune responses. We found, using a model of paw
oedema in rats that injection of recombinant galectin-1
suppressed bee venom phospholipase A,-induced inflamma-
tion in a manner independent of its carbohydrate-binding
activity (141). In this model, galectin-1 treatment resulted in
significant reduction of the number of infiltrated polymorpho-
nuclear neutrophils (PMN) and reduced mast cell degranula-
tion, suggesting a role for this protein in limiting acute
inflammation (141). The mechanisms underlying these anti-
inflammatory effects have been further examined. In fact, La
et al. (142) found that PMN exposed to human recombinant
galectin-1 experienced impaired chemotaxis and reduced tran-
sendothelial migration. Accordingly, galectin-1 administration
resulted in reduced IL-1fB-induced PMN recruitment into the

mouse peritoneal cavity (142), suggesting an essential role of
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galectin-1 in controlling PMN trafficking similar to the effects
observed in T cells. On the other hand, Stowell et dl. (94) found
that galectin-1 treatment induces exposure of cell surface phos-
phatidylserine in PMN, thus preparing these cells for phagocytic
removal. Remarkably, this effect did not involve typical altera-
tions of apoptosis such as DNA fragmentation, changes in mito-
chondrial membrane potential or caspase activation (94, 143).
However, induction of phosphatidylserine exposure was cell-
type specific, required calcium (Ca*") mobilization, involved
galectin-1 interaction with complex-type N-glycans (144) and
was overturned following galectin-1 removal (143). Thus,
galectin-1 may also contribute to the resolution of acute
inflammation by preparing PMN for phagocytic removal, thus
favoring their physiologic turnover independently of apoptosis.

In addition, galectin-1 may also target the function of other
innate immune cells including monocytes and macrophages.
Galectin-1 treatment caused reduction in prostaglandin E2
secretion and nitric oxide production, but tilted the balance to
favor activation of the L-arginase pathway in rat peritoneal
macrophages (141, 145). In keeping with these findings,
galectin-1 significantly inhibited IFN-y-induced major histo-
compatibility complex-II (MHC-II) expression in human
monocytes in vitro and in mouse macrophages recruited in vivo
in response to inflammatory stimuli (59). Furthermore, we
have recently identified a previously unappreciated role for
galectin-1 in the control of platelet physiology (146). Galec-
tin-1 synergized with adenosine diphosphate (ADP) or throm-
bin to induce platelet aggregation and adenosine triphosphate
(ATP) release, promoted shedding of platelet microvesicles
and favored the generation of leukocyte-platelet aggregates
(146), events which have potential implications in the modu-
lation of thrombosis, inflammation and metastasis. Thus,
galectin-1 may also control immune cell homeostasis through

regulation of early events during the inflammatory response.

Concluding remarks and future directions

In the present review we described the consequences of galec-
tin-1 signaling as it relates to T-cell survival, TCR-mediated
clustering and activation, T-cell mobility, cytokine produc-
tion, and Treg function. Similar to what has been observed for
many cytokines and growth factors, it is not surprising that
galectin-1 exhibits a ‘double-edged sword’ effect with oppos-
ing biological outcomes depending on different intrinsic
factors such as the physicochemical properties of the protein
(monomer/dimer equilibrium), stability of the protein in
oxidative versus reducing microenvironments, as well as
extrinsic factors such as the target cell type and its activation

and/or differentiation status.
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In light of the broad spectrum of immunoregulatory effects,
challenges for the future will embrace a rational manipulation
of galectin-1—glycan interactions towards attenuating immune
responses in autoimmune diseases, graft rejection, and recur-
rent fetal loss (Fig. 2). As illustrated in the present review,
in vivo studies, including those using galectin-1-deficient mice,
have begun to provide relevant information on the selective
function of this endogenous lectin in negative regulation of
the inflammatory response. Moreover, with the diverse range
of glycosyltransferase knock out mice that are available it will
now be feasible to determine the impact of glycosylation in
galectin-1-mediated effects. However, before galectin-1-based
therapeutic agents can be extrapolated to clinical settings, a
more thorough understanding of the mechanisms involved in
galectin-1 functions is essential. In this regard, it will be
critical to evaluate the results of side-by-side studies of the
anti-inflammatory activities of different members of the galec-
tin family, dissect the biological activity of different galectin-1
variants, evaluate the influence of pro-inflammatory and toler-
ogenic microenvironments, and establish the most adequate
routes of administration as well as the underlying toxicity of
this glycan-binding protein in vivo. Also, it would be of partic-
ular interest to examine the cross-talk between galectin-1 and
other established inhibitory pathways including CTLA-4,
PD-1/PD-L1, and IDO.

As a reverse side of the same coin, interrupting galectin-1—
glycan interactions may contribute to overcome T-cell
tolerance (Fig. 2). Hence, galectin-1 inhibitors may serve as
adjuvants in preventive or therapeutic vaccines against chronic

infection and cancer. In order to validate this concept, the

References

1. Maynard CL, Weaver CT. Diversity in the
contribution of interleukin-10 to T-cell
mediated immune regulation. Immunol Rev 6.
2008;226:219-233.
2. Fife BT, Bluestone JA. Control of peripheral
T-cell tolerance and autoimmunity via the 7.
CTLA-4 and PD-1 pathways. Immunol Rev
2008;224:166-182.
3. Peggs KS, Quezada SA, Allison JP. Cell
intrinsic mechanisms of T-cell inhibition 8.
and application to cancer therapy. Immunol
Rev 2008;224:141-165.
4. Yang RY, Rabinovich GA, Liu FT. Galectins:
structure, function and therapeutic poten-
tial. Expert Rev Mol Med 2008;10:e17. 9.
5. Rabinovich GA, Liu FT, Hirashima M,
Anderson A. An emerging role for galectins
in tuning the immune response: lessons

from experimental models of inflammatory 36—47.

© 2009 John Wiley & Sons A/S ® Immunological Reviews 230/2009

disease, autoimmunity and cancer. Scand J 10.
Immunol 2007;66:143—158.

Cooper DN. Galectinomics: finding themes

in complexity. Biochim Biophys Acta
2002;1572:209-231. 11.
Rabinovich GA, Toscano MA, Jackson SS,
Vasta GR. Functions of cell surface galectin-
glycoprotein lattices. Curr Opin Struct Biol
2007;17:513-520.

Brewer CF, Miceli MC, Baum LG. Clusters,
bundles, arrays and lattices: novel mecha-
nisms for lectin-saccharide-mediated cellu-
lar interactions. Curr Opin Struct Biol 13.
2002;12:616-623.

Song X, Xia B, Stowell SR, Lasanajak Y,

Smith DF, Cummings RD. Novel fluorescent 14.
glycan microarray strategy reveals ligands

for galectins. Chem Biol 2009;16:

Rabinovich & llarregui - Control of T-cell homeostasis by galectin- |

design of specific galectin-1 antagonists as well as a compara-
tive study of already established inhibitors (e.g. natural
polysaccharides, synthetic glycoamines, glycodendrimers or
blocking antibodies) is essential (147—154).

One general concern of the use of immune modulators is
that some approaches may cause generalized immuno-
suppression and may leave patients immunocompromised.
For instance, antibody-mediated CD4" T-cell depletion
targets more efficiently circulating naive T cells than tissue-
infiltrating pathogenic T cells and causes protracted
lymphopenia in treated patients (155). Moreover, TNF-o
blockade as a treatment for organ-specific autoimmune dis-
orders can leave individuals prone to a variety of opportu-
nistic infections (156). As galectin-1 selectively targets Thl
and Th17 cells but spares Th2 or naive T cells (76), it is
less likely that it would compromise protective immunity
when compared with other more generalized immunosup-
pressive therapies. Finally, the definitive proof-of-concept of
the significance of galectin-1—glycan interactions in immu-
nopathology will arise from the identification of individuals
with relevant primary genetic defects or polymorphisms
associated with inflammatory or neoplastic settings similarly
to those found for galectin-2 in myocardial infarction (157)
and for galectin-3 in breast cancer (158). Given the com-
plexity of galectin-1—glycan interactions and the multiple
parameters influencing these molecular contacts, further
work is required, involving multidisciplinary approaches, to
achieve a global comprehensive view of the role of
endogenous galectin-1 and its specific carbohydrate ligands

in immunoregulation.

Stowell SR, et al. Ligand reduces galectin-1
sensitivity to oxidative inactivation by
enhancing dimer formation. J Biol Chem
2009;284:4989-4999.

Hirabayashi J, et al. Oligosaccharide speci-
ficity of galectins: a search by frontal affinity
chromatography. Biochim Biophys Acta
2002;1572:232-254.

12. Stowell SR, et al. Galectins-1, -2 and -3
exhibit differential recognition of sialylated
glycans and blood group antigens. J Biol
Chem 2008;283:10109-10123.

Leffler H, Carlsson S, Hedlund M, Qian Y,
Poirier F. Introduction to galectins. Glyco-
conj ] 2004;19:433—-440.

Seelenmeyer C, Wegehingel S, Tews I,
Kunzler M, Aebi M, Nickel W. Cell
surface counter receptors are essential
components of the unconventional export

155



Rabinovich & llarregui -

20.

21.

22.

23.

24.

25.

26.

27.

28.

machinery of galectin-1. J Cell Biol
2005;171:373-381.

. Nickel W. Unconventional secretory routes:

direct protein export across the plasma
membrane of mammalian cells. Traffic
2005;6:607-614.

. Kasai K. Galectin: intelligent glue, non-

bureaucratic bureaucrat or almighty sup-
porting actor. Trends Glycosci Glycotechnol
1997;9:167-170.

. Vasta GR, Ahmed H, Odom EW. Structural

and functional diversity of lectin repertoires
in invertebrates, protochordates and ecto-
thermic vertebrates. Curr Opin Struct Biol
2004;14:617-630.

. Marth JD, Grewal PK. Mammalian glycosyla-

tion in immunity. Nat Rev Immunol
2008;8:874—-887.

. van Kooyk Y, Rabinovich GA. Protein-gly-

can interactions in the control of innate and
adaptive immune responses. Nat Immunol
2008;9:593-601.

Crocker PR, Paulson JC, Varki A. Siglecs and
their roles in the immune system. Nat Rev
Immunol 2007;7:255-266.

Toscano MA, et al. Dissecting the patho-
physiologic role of endogenous lectins:
glycan-binding proteins with cytokine-like
activity? Cytokine Growth Factor Rev
2007;18:57-71.

Elola MT, Wolfenstein-Todel C, Troncoso
MF, Vasta GR, Rabinovich GA. Galectins:
matricellular glycan-binding proteins link-
ing cell adhesion, migration, and survival.
Cell Mol Life Sci 2007;64:1679—1700.
Garner OB, Baum LG. Galectin-glycan lat-
tices regulate cell-surface glycoprotein orga-
nization and signalling. Biochem Soc Trans
2008;36:1472-1477.

Rabinovich GA, et al. Galectins and their
ligands: amplifiers, silencers or tuners of the
inflammatory response? Trends Immunol
2002;23:313-320.

Levi G, Teichberg VI. Isolation and physico-
chemical characterization of electrolectin, a
f3-D-galactoside binding lectin from the
electric organ of Electrophorus electricus. ] Biol
Chem 1981;256:5735-5740.

Blaser C, et al. B-galactoside-binding pro-
tein secreted by activated T cells inhibits
antigen-induced proliferation of T cells. Eur
J Immunol 1998;28:2311-2319.

Fuertes MB, et al. Regulated expression of
galectin-1 during T-cell activation involves
Lck and Fyn kinases and signaling through
MEK1/ERK, p38 MAP kinase and p70S6
kinase. Mol Cell Biochem 2004;267:
177-185.

Rabinovich GA, et al. Induction of allogenic
T-cell hyporesponsiveness by galectin-1-
mediated apoptotic and non-apoptotic
mechanisms. Cell Death Differ 2002;9:
661-670.

156

29.

30.

31.

32.

33.

34.

35.

36.

37.

38

39.

40.

Control of T-cell homeostasis by galectin-|

Zuniga E, Rabinovich GA, Iglesias MM,
Gruppi A. Regulated expression of galectin-
1 during B-cell activation and implications
for T-cell apoptosis. J Leukoc Biol
2001;70:73-79.

Rabinovich G, Castagna L, Landa C, Riera
CM, Sotomayor C. Regulated expression of a
16-kd galectin-like protein in activated rat
macrophages. J Leukoc Biol 1996;59:
363-370.

Rabinovich GA, et al. Activated rat macro-
phages produce a galectin-1-like protein
that induces apoptosis of T cells: biochemi-
cal and functional characterization. ] Immu-
nol 1998;160:4831-4840.

Sugimoto N, et al. Foxp3-dependent and
-independent molecules specific for
CD25"CD4 " natural regulatory T cells
revealed by DNA microarray analysis. Int
Immunol 2006;18:1197-1209.

Garin MI, Chu CC, Golshayan D, Cernuda-
Morollon E, Wait R, Lechler RI. Galectin-1:
a key effector of regulation mediated by
CD4"CD25" T cells. Blood 2007;109:
2058-2065.

Kopcow HD, Rosetti F, Leung Y, Allan DS,
Kutok JL, Strominger JL. T cell apoptosis at
the maternal-fetal interface in early

human pregnancy, involvement of
galectin-1. Proc Natl Acad Sci USA
2008;105:18472-18477.

Maquoi E, van den Brule FA, Castronovo V,
Foidart JM. Changes in the distribution pat-
tern of galectin-1 and galectin-3 in human
placenta correlates with the differentiation
pathways of trophoblasts. Placenta
1997;18:433-439.

Iglesias MM, Rabinovich GA, Ivanovic V,
Sotomayor C, Wolfenstein-Todel C. Galec-
tin-1 from ovine placenta-amino-acid
sequence, physicochemical properties and
implications in T-cell death. Eur J Biochem
1998;252:400-407.

Blois SM, et al. A pivotal role for galectin-1
in fetomaternal tolerance. Nat Med
2007;13:1450-1457.

. Wollina U, Schreiber G, Gornig M, Feldrap-

pe S, Burchert M, Gabius HJ. Sertoli cell
expression of galectin-1 and -3 and accessi-
ble binding sites in normal human testis
and Sertoli cell only-syndrome. Histol His-
topathol 1999;14:779-784.

Dettin L, Rubinstein N, Aoki A, Rabinovich
GA, Maldonado CA. Regulated expression
and ultrastructural localization of galectin-1,
a proapoptotic f-galactoside-binding lectin,
during spermatogenesis in rat testis. Biol
Reprod 2003;68:51-59.

Ishida K, Panjwani N, Cao Z, Streilein JW.
Participation of pigment epithelium in ocu-
lar immune privilege. 3. Epithelia cultured
from iris, ciliary body, and retina suppress
T-cell activation by partially non-overlap-

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

ping mechanisms. Ocul Immunol Inflamm
2003;11:91-105.

Romero MD, et al. Circulating anti-galectin-
1 antibodies are associated with the severity
of ocular disease in autoimmune and
infectious uveitis. Invest Ophthalmol Vis Sci
2006;47:1550-1556.

Liu FT, Rabinovich GA. Galectins as
modulators of tumour progression. Nat Rev
Cancer 2005;5:29—41.

Rabinovich GA. Galectin-1 as a potential
cancer target. Br ] Cancer 2005;92:
1188-1192.

Zuniga E, Gruppi A, Hirabayashi J, Kasai KI,
Rabinovich GA. Regulated expression and
effect of galectin-1 on Trypanosoma
cruzi-infected macrophages: modulation of
microbicidal activity and survival. Infect
Immun 2001;69:6804—6812.

Rabinovich GA, Gruppi A. Galectins as
immunoregulators during infectious
processes: from microbial invasion to the
resolution of the disease. Parasite Immunol
2005;27:103—-114.

Tlarregui JM, Bianco GA, Toscano MA, Rabi-
novich GA. The coming of age of galectins
as immunomodulatory agents: impact of
these carbohydrate binding proteins in T
cell physiology and chronic inflammatory
disorders. Ann Rheum Dis 2005;4:96—103.
Harjacek M, Diaz-Cano S, De Miguel M,
Wolfe H, Maldonado CA, Rabinovich GA.
Expression of galectins-1 and -3 correlates
with defective mononuclear cell apoptosis
in patients with juvenile idiopathic arthritis.
J Rheumatol 2001;28:1914—1922.

Camby I, Le Mercier M, Lefranc F, Kiss R.
Galectin-1: a small protein with major func-
tions. Glycobiology 2006;16:137R—157R.
Salatino M, Croci DO, Bianco GA, Ilarregui
JM, Toscano MA, Rabinovich GA. Galectin-1
as a potential therapeutic target in autoim-
mune disorders and cancer. Expert Opin
Biol Ther 2008;8:45-57.

Schwarz FP, Ahmed H, Bianchet MA, Amzel
LM, Vasta GR. Thermodynamics of bovine
spleen galectin-1 binding to disaccharides:
correlation with structure and its effect on
oligomerization at the denaturation temper-
ature. Biochemistry 1998;37:5867-5877.
He L, Andre S, Siebert HC, Helmholz H,
Niemeyer B, Gabius HJ. Detection of ligand-
and solvent-induced shape alterations of
cell-growth-regulatory human lectin galec-
tin-1 in solution by small angle neutron and
x-ray scattering. Biophys J 2003;85:
511-524.

Charvatova O, Foley BL, Bern MW, Sharp JS,
Orlando R, Woods RJ. Quantifying protein
interface footprinting by hydroxyl radical
oxidation and molecular dynamics simula-
tion: application to galectin-1. J Am Soc
Mass Spectrom 2008;19:1692-1705.

© 2009 John Wiley & Sons A/S  Immunological Reviews 230/2009



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Di Lella S, Ma L, Ricci JC, Rabinovich GA,
Asher SA, Alvarez RM. Critical role of the
solvent environment in galectin-1 binding
to the disaccharide lactose. Biochemistry
2009;48:786-791.

Tateno H, et al. Glycoconjugate microarray
based on an evanescent-field fluorescence-
assisted detection principle for investigation
of glycan-binding proteins. Glycobiology
2008;18:789-798.

Rapoport EM, et al. Galectin-loaded cells as
a platform for the profiling of lectin speci-
ficity by fluorescent neoglycoconjugates: a
case study on galectins-1 and -3 and the
impact of assay setting. Glycobiology
2008;18:315-324.

Saussez S, et al. Serum galectin-1 and galec-
tin-3 levels in benign and malignant nodu-
lar thyroid disease. Thyroid 2008;18:
705-712.

Adams L, Scott GK, Weinberg CS. Biphasic
modulation of cell growth by recombinant
human galectin-1. Biochim Biophys Acta
1996;1312:137-144.

Levroney EL, et al. Novel innate immune
functions for galectin-1: galectin-1 inhibits
cell fusion by Nipah virus envelope glyco-
proteins and augments dendritic cell
secretion of proinflammatory cytokines.

J Immunol 2005;175:413-420.
Barrionuevo P, et al. A novel function for
galectin-1 at the crossroad of innate and
adaptive immunity: galectin-1 regulates
monocyte/macrophage physiology through
a nonapoptotic ERK-dependent pathway.

J Immunol 2007;178:436—445.

Strasser A, Bouillet P. The control of apopto-
sis in lymphocyte selection. Immunol Rev
2003;193:82-92.

Bidere N, Su HC, Lenardo MJ. Genetic disor-
ders of programmed cell death in the
immune system. Annu Rev Immunol
2006;24:321-352.

Perillo NL, Pace KE, Seilhamer JJ, Baum LG.
Apoptosis of T cells mediated by galectin-1.
Nature 1995;378:736-739.

Perillo NL, Uittenbogaart CH, Nguyen JT,
Baum LG. Galectin-1, an endogenous lectin
produced by thymic epithelial cells, induces
apoptosis of human thymocytes. ] Exp Med
1997;185:1851-1858.

Pace KE, Lee C, Stewart PL, Baum LG.
Restricted receptor segregation into
membrane microdomains occurs on human
T cells during apoptosis induced by galec-
tin-1. J Immunol 1999;163:3801—-3811.
Rabinovich GA, Alonso CR, Sotomayor CE,
Durand S, Bocco JL, Riera CM. Molecular
mechanisms implicated in galectin-1-
induced apoptosis: activation of the AP-1
transcription factor and downregulation

of Bcl-2. Cell Death Differ 2000;7:
747-753.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Rabinovich & llarregui - Control of T-cell homeostasis by galectin- |

Nguyen JT, et al. CD45 modulates galectin-
1-induced T cell death: regulation by
expression of core 2 O-glycans. ] Immunol
2001;167:5697-5707.

Battig P, Saudan P, Gunde T, Bachmann MF.
Enhanced apoptotic activity of a structurally
optimized form of galectin-1. Mol Immunol
2004;41:9-18.

He J, Baum LG. Presentation of galectin-1
by extracellular matrix triggers T cell death.
J Biol Chem 2004;279:4705-4712.

Hahn HP, et al. Galectin-1 induces nuclear
translocation of endonuclease G in caspase-
and cytochrome c-independent T cell death.
Cell Death Differ 2004;11:1277—-1286.
Matarrese P, et al. Galectin-1 sensitizes rest-
ing human T lymphocytes to Fas (CD95)-
mediated cell death via mitochondrial
hyperpolarization, budding, and fission.

J Biol Chem 2005;280:6969—6985.
Endharti AT, Zhou YW, Nakashima I, Suzuki
H. Galectin-1 supports survival of naive T
cells without promoting cell proliferation.
Eur ] Immunol 2005;35:86—97.

Ton G, et al. Acid sphingomyelinase medi-
ated release of ceramide is essential to trig-
ger the mitochondrial pathway of apoptosis
by galectin-1. Cell Signal 2006;18:
1887-1896.

Stillman BN, et al. Galectin-3 and galectin- 1
bind distinct cell surface glycoprotein recep-
tors to induce T cell death. J Immunol
2006;176:778-789.

Perone MJ, et al. Transgenic galectin-1
induces maturation of dendritic cells that
elicit contrasting responses in naive and
activated T cells. J Immunol
2006;176:7207-7220.

Gonzalez MI, Rubinstein N, Ilarregui JM,
Toscano MA, Sanjuan NA, Rabinovich GA.
Regulated expression of galectin-1 after in
vitro productive infection with herpes sim-
plex virus type 1: implications for T cell
apoptosis. Int ] Immunopathol Pharmacol
2005;18:615-623.

Toscano MA, et al. Differential glycosylation
of Ty1, T2 and Ty-17 effector cells selec-
tively regulates susceptibility to cell death.
Nat Immunol 2007;8:825-834.
Juszczynski P, et al. The AP1-dependent
secretion of galectin-1 by Reed Sternberg
cells fosters immune privilege in classical
Hodgkin lymphoma. Proc Natl Acad Sci
USA 2007;104:13134-13139.

Brandt B, et al. Galectin-1 induced
activation of the apoptotic death-receptor
pathway in human Jurkat T lympho-
cytes. Histochem Cell Biol 2008;129:
599-609.

Rabinovich GA, Modesti NM, Castagna LF,
Landa CA, Riera CM, Sotomayor CE. Speciﬁc
inhibition of lymphocyte proliferation and
induction of apoptosis by CLL-I, a B-galac-

© 2009 John Wiley & Sons A/S ® Immunological Reviews 230/2009

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

toside-binding lectin. J Biochem
1997;122:365-373.

Walzel H, Blach M, Hirabayashi J, Kasai KI,
Brock J. Involvement of CD2 and CD3 in
galectin-1 induced signaling in human
Jurkat T-cells. Glycobiology 2000;10:
131-140.

Pace KE, Hahn HP, Pang M, Nguyen JT,
Baum LG. CD7 delivers a pro-apoptotic
signal during galectin-1-induced T cell
death. J Immunol 2000;165:2331-2334.
Rappl G, et al. CD4"CD7" leukemic T cells
from patients with Sezary syndrome are
protected from galectin-1-triggered T cell
death. Leukemia 2002;16:840-845.
Roberts AA, et al. Galectin-1-mediated
apoptosis in mycosis fungoides: the roles of
CD7 and cell surface glycosylation. Mod
Pathol 2003;16:543-551.

Cabrera PV, et al. Haploinsufficiency of
C2GnT-I glycosyltransferase renders T lym-
phoma cells resistant to cell death. Blood
2006;108:2399-2406.

Amano M, Galvan M, He J, Baum LG. The
ST6Gal I sialyltransferase selectively modi-
fies N-glycans on CD45 to negatively regu-
late galectin-1-induced CD45 clustering,
phosphatase modulation, and T cell death.
J Biol Chem 2003;278:7469-7475.
Hernandez JD, et al. Galectin-1 binds differ-
ent CD43 glycoforms to cluster CD43 and
regulate T cell death. ] Immunol 2006;
177:5328-5336.

Carlow DA, Williams MJ, Ziltener HJ.
Modulation of O-glycans and N-glycans on
murine CD8 T cells fails to alter annexin V
ligand induction by galectin-1. J Immunol
2003;171:5100-5106.

Comelli EM, et al. Activation of murine
CD4" and CD8" T lymphocytes leads to
dramatic remodeling of N-linked glycans.

J Immunol 2006;177:2431-2440.

Motran CC, Molinder KM, Liu SD, Poirier F,
Miceli MC. Galectin-1 functions as a Th2
cytokine that selectively induces Th1 apop-
tosis and promotes Th2 function. Eur J
Immunol 2008;38:3015-3027.

Tabrizi §J, et al. T cell leukemia/lymphoma
1 and galectin-1 regulate survival/cell death
pathways in human naive and IgM"* mem-
ory B cells through altering balances in
Bcl-2 family proteins. J Immunol
2009;182:1490-1499.

Ion G, Fajka-Boja R, Toth GK, Caron M,
Monostori E. Role of p56(Ick) and ZAP70-
mediated tyrosine phosphorylation in
galectin-1-induced cell death. Cell Death
Differ 2005;12:1145-1147.

Perone MJ, et al. Suppression of
autoimmune diabetes by soluble galectin-1.
J Immunol 2009;182:2641-2653.
Rubinstein N, et al. Targeted inhibition of
galectin-1 gene expression in tumor cells

157



Rabinovich & llarregui -

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

106.

results in heightened T cell-mediated
rejection; A potential mechanism of
tumor-immune privilege. Cancer Cell
2004;5: 241-251.

Stowell SR, Karmakar S, Stowell CJ, Dias-
Baruffi M, McEver RP, Cummings RD.
Human galectin-1, -2, and -4 induce surface
exposure of phosphatidylserine in activated
human neutrophils but not in activated T
cells. Blood 2007;109:219-227.

Stowell SR, et al. Differential roles of galec-
tin-1 and galectin-3 in regulating leukocyte
viability and cytokine secretion. J] Immunol
2008;180:3091-3102.

Castellani P, Angelini G, Delfino L, Matucci
A, Rubartelli A. The thiol redox state of lym-
phoid organs is modified by immunization:
role of different immune cell populations.
Eur ] Immunol 2008;38:2419-2425.

van der Leij J, et al. Strongly enhanced
IL-10 production using stable galectin-1
homodimers. Mol Immunol 2007;44:
506-513.

Nishi N, et al. Functional and structural
bases of a cysteine-less mutant as a long-
lasting substitute for galectin-1. Glycobiolo-
gy 2008;18:1065-1073.

Liu SD, et al. Endogenous galectin-1
enforces class I-restricted TCR functional
fate decisions in thymocytes. Blood
2008;112:120-130.

Baum LG, et al. Human thymic epithelial
cells express an endogenous lectin, galectin-
1, which binds to core 2 O-glycans on thy-
mocytes and T lymphoblastoid cells. J Exp
Med 1995;181:877-887.

Silva-Monteiro E, et al. Altered expression
of galectin-3 induces cortical thymocyte
depletion and premature exit of immature
thymocytes during Trypanosoma cruzi
infection. Am J Pathol 2007;170:546—
556.

Chung CD, Patel VP, Moran M, Lewis LA,
Miceli MC. Galectin-1 induces partial TCR
C-chain phosphorylation and antagonizes
processive TCR signal transduction. J Immu-
nol 2000;165:3722-3729.

Demetriou M, Granovsky M, Quaggin S,
Dennis JW. Negative regulation of T-cell
activation and autoimmunity by Mgat5
N-glycosylation. Nature 2001;409:733-739.
Lee SU, et al. N-glycan processing deficiency
promotes spontaneous inflammatory demy-
elination and neurodegeneration. J Biol
Chem 2007;282:33725-33734.

. Chen IJ, Chen HL, Demetriou M. Lateral

compartmentalization of T cell receptor
versus CD45 by galectin-N-glycan binding
and microfilaments coordinate basal and
activation signaling. J Biol Chem 2007;
282:35361-35372.

Butcher EC, Picker IL. Lymphocyte homing
and homeostasis. Science 1996;272:60—66.

158

107.

108.

109.

110.

112.

113.

114.

116.

118.

119.

120.

Control of T-cell homeostasis by galectin-|

Kannagi R. Regulatory roles of carbohydrate
ligands for selectins in the homing of lym-
phocytes. Curr Opin Struct Biol
2002;12:599-608.

Rabinovich GA, Ariel A, Hershkoviz R, Hira-
bayashi J, Kasai KI, Lider O. Specific inhibi-
tion of T-cell adhesion to extracellular
matrix and proinflammatory cytokine secre-
tion by human recombinant galectin-1.
Immunology 1999;97:100-106.

He J, Baum LG. Endothelial cell expression
of galectin-1 induced by prostate cancer
cells inhibits T-cell transendothelial migra-
tion. Lab Invest 2006;86:578-590.

Norling LV, Sampaio AL, Cooper D, Perretti
M. Inhibitory control of endothelial galec-
tin-1 on in vitro and in vivo lymphocyte traf-
ficking. FASEB J 2008;22:682-690.

. Wan YY, Flavell RA. “Yin-Yang’ functions of

transforming growth factor-f and T regula-
tory cells in immune regulation. Immunol
Rev 2007;220:199-213.

Toscano MA, et al. Galectin-1 suppresses
autoimmune retinal disease by promoting
concomitant Th2- and T regulatory-medi-
ated anti-inflammatory responses. J Immu-
nol 2006;176:6323-6332.

Brusko TM, Putnam AL, Bluestone JA.
Human regulatory T cells: role in autoim-
mune disease and therapeutic opportunities.
Immunol Rev 2008;223:371-390.
Rabinovich GA, Gabrilovich D, Sotomayor
EM. Immunosuppressive strategies that are
mediated by tumor cells. Annu Rev Immu-
nol 2007;25:267-296.

. Trowsdale J, Betz AG. Mother’s little help-

ers: mechanisms of maternal-fetal tolerance.
Nat Immunol 2006;7:241-246.

Terness P, Kallikourdis M, Betz AG, Rabino-
vich GA, Saito S, Clark DA. Tolerance signal-
ing molecules and pregnancy: IDO,
galectins, and the renaissance of regulatory
T cells. Am J Reprod Immunol
2007;58:238-254.

. von Wolff M, Wang X, Gabius HJ, Stro-

witzki T. Galectin fingerprinting in human
endometrium and decidua during the men-
strual cycle and in early gestation. Mol Hum
Reprod 2005;11:189-194.

Phillips B, Knisley K, Weitlauf KD, Dorsett J,
Lee V, Weitlauf H. Differential expression of
two beta-galactoside-binding lectins in the
reproductive tracts of pregnant mice. Biol
Reprod 1996;55:548-558.

Bozic M, Petronijevic M, Milenkovic S,
Atanackovic J, Lazic J, Vicovac L. Galectin-1
and galectin-3 in the trophoblast of the
gestational trophoblastic disease. Placenta
2004;25:797-802.

Fulcher JA, et al. Galectin-1-matured human
monocyte-derived dendritic cells have
enhanced migration through extracellular
matrix. ] Immunol 2006;177:216—226.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

132.

133.

134.

Than NG, et al. Emergence of hormonal and
redox regulation of galectin-1 in placental
mammals: implication in maternal-fetal
immune tolerance. Proc Natl Acad Sci USA
2008;105:15819-15 824.

Purcell AW, van Driel IR, Gleeson PA.
Impact of glycans on T-cell tolerance to
glycosylated self-antigens. Immunol Cell
Biol 2008;86:574—579.

Levi G, Tarrab-Hazdai R, Teichberg VI.
Prevention and therapy with electrolectin of
experimental autoimmune myasthenia
gravis in rabbits. Eur ] Immunol 1983;13:
500-507.

Offner H, Celnik B, Bringman TS, Casentini-
Borocz D, Nedwin GE, Vandenbark AA.
Recombinant human B-galactoside binding
lectin suppresses clinical and histological
signs of experimental autoimmune enceph-
alomyelitis. ] Neuroimmunol 1990;
28:177-184.

Rabinovich GA, et al. Recombinant galec-
tin-1 and its genetic delivery suppress colla-
gen-induced arthritis via T cell apoptosis.

J Exp Med 1999;190:385-398.

Santucci L, Fiorucci S, Cammilleri F, Servillo
G, Federici B, Morelli A. Galectin-1 exerts
immunomodulatory and protective effects
on concanavalin A-induced hepatitis in
mice. Hepatology 2000;31:399-406.
Santucci L, et al. Galectin-1 suppresses
experimental colitis in mice. Gastroenterol-
ogy 2003;124:1381-1394.

Baum LG, et al. Amelioration of graft versus
host disease by galectin-1. Clin Immunol
2003;109:295-307.

Perone MJ, et al. Dendritic cells expressing
transgenic galectin-1 delay onset of auto-
immune diabetes in mice. ] Immunol
2006;177:5278-5289.

Giordanengo L, Gea S, Barbieri G, Rabino-
vich GA. Anti-galectin-1 autoantibodies in
human Trypanosoma cruzi infection: differen-
tial expression of this B-galactoside-binding
protein in cardiac Chagas’ disease. Clin Exp
Immunol 2001;124:266-273.

. Croci DO, Zacarias Fluck MF, Rico MJ,

Matar P, Rabinovich GA, Scharovsky OG.
Dynamic cross-talk between tumor and
immune cells in orchestrating the immuno-
suppressive network at the tumor microen-
vironment. Cancer Immunol Immunother
2007;56:1687—1700.

Thijssen VL, et al. Galectin-1 is essential in
tumor angiogenesis and is a target for
antiangiogenesis therapy. Proc Natl Acad Sci
USA 2006;103:15975-15980.

Gandhi MK, et al. Galectin-1 mediated
suppression of Epstein-Barr virus specific
T-cell immunity in classic Hodgkin
lymphoma. Blood 2007;110:1326-1329.
Rodig S, et al. AP1-dependent galectin-1
expression delineates classical hodgkin and

© 2009 John Wiley & Sons A/S  Immunological Reviews 230/2009



137.

138.

139.

140.

141.

142.

anaplastic large cell lymphomas from other
lymphoid malignancies with shared molec-
ular features. Clin Cancer Res
2008;14:3338-3344.

. Valenzuela HF, et al. O-glycosylation regu-

lates LNCaP prostate cancer cell susceptibil-
ity to apoptosis induced by galectin-1.
Cancer Res 2007;67:6155—-6162.

. Le QT, et al. Galectin-1: a link between

tumor hypoxia and tumor immune privi-
lege. J Clin Oncol 2005;23:8932-8941.
Daroqui CM, et al. Regulation of galectin-1
expression by transforming growth factor
f, in metastatic mammary adenocarcinoma
cells: implications for tumor-immune
escape. Cancer Immunol Immunother
2007;56:491-499.

Zacarias Fluck MF, et al. Low-dose cyclo-
phosphamide modulates galectin-1 expres-
sion and function in an experimental rat
lymphoma model. Cancer Immunol Im-
munother 2007;56:237-248.

LuY, Lotan D, Lotan R. Differential regula-
tion of constitutive and retinoic acid-
induced galectin-1 gene transcription in
murine embryonal carcinoma and myoblas-
tic cells. Biochim Biophys Acta
2000;1491:13-19.

Serhan CN, et al. Resolution of inflamma-
tion: state of the art, definitions and terms.
FASEB ] 2007;21:325-332.

Rabinovich GA, Sotomayor CE, Riera CM,
Bianco I, Correa SG. Evidence of a role for
galectin-1 in acute inflammation. Eur J
Immunol 2000;30:1331-1339.

La M, et al. A novel biological activity for
galectin-1: inhibition of leukocyte-endothe-
lial cell interactions in experimental

143.

144.

145.

146.

147.

148.

149.

150.

Rabinovich & llarregui - Control of T-cell homeostasis by galectin- |

inflammation. Am J Pathol 2003;163:
1505-1515.

Stowell SR, et al. Galectin-1 inducesreversible
phosphatidylserine exposure at the plasma
membrane. Mol Biol Cell 2009;20:
1408-1418.

Karmakar S, Stowell SR, Cummings RD,
McEver RP. Galectin-1 signaling in leuko-
cytes requires expression of complex-type
N-glycans. Glycobiology 2008;18:770-778.
Correa SG, Sotomayor CE, Aoki MP, Maldo-
nado CA, Rabinovich GA. Opposite effects
of galectin-1 on alternative metabolic path-
ways of L-arginine in resident, inflamma-
tory, and activated macrophages.
Glycobiology 2003;13:119-128.

Pacienza N, et al. The immunoregulatory
glycan-binding protein galectin-1 triggers
human platelet activation. FASEB J
2008;22:1113-1123.

Andre S, et al. Wedgelike glycodendrimers
as inhibitors of binding of mammalian
galectins to glycoproteins, lactose maxiclus-
ters, and cell surface glycoconjugates.
Chembiochem 2001;2:822-830.

Sorme P, Kahl-Knutsson B, Wellmar U,
Magnusson BG, Leffler H, Nilsson U]J.
Design and synthesis of galectin inhibitors.
Methods Enzymol 2003;363:157-169.
Ingrassia L, et al. Anti-galectin compounds
as potential anti-cancer drugs. Curr Med
Chem 2006;13:3513-3527.

Rabinovich GA, et al. Synthetic lactulose
amines: novel class of anticancer agents that
induce tumor-cell apoptosis and inhibit
galectin-mediated homotypic cell aggrega-
tion and endothelial cell morphogenesis.
Glycobiology 2006;16:210-220.

© 2009 John Wiley & Sons A/S ® Immunological Reviews 230/2009

152.

153.

154.

155.

156.

158.

. Tejler J, Tullberg E, Frejd T, Leffler H,

Nilsson UJ. Synthesis of multivalent lactose
derivatives by 1,3-dipolar cycloadditions:
selective galectin-1 inhibition. Carbohydr
Res 2006;341:1353-1362.

Belitsky JM, Nelson A, Hernandez JD, Baum
LG, Stoddart JF. Multivalent interactions
between lectins and supramolecular com-
plexes: Galectin-1 and self-assembled
pseudopolyrotaxanes. Chem Biol
2007;14:1140-1151.

Giguere D, et al. Synthesis of stable and
selective inhibitors of human galectins-1
and -3. Bioorg Med Chem 2008;16:
7811-7823.

Turisci I, et al. Synthetic inhibitors of
galectin-1 and -3 selectively modulate
homotypic cell aggregation and tumor cell
apoptosis. Anticancer Res 2009;20:
403—410.

Tarner IH, Garrison Fathman C. Does our
current understanding of the molecular
basis of immune tolerance predict new
therapies for autoimmune disease? Nat Clin
Pract Rheumatol 2006;2:491-499.
Winthrop KL. Risk and prevention of
tuberculosis and other serious opportunistic
infections associated with the inhibition of
tumor necrosis factor. Nat Clin Pract
Rheumatol 2006;2:602—610.

. Ozaki K, et al. Functional variation in

LGALS?2 confers risk of myocardial
infarction and regulates lymphotoxin-alpha
secretion in vitro. Nature 2004;429:72—75.
Balan V, et al. Racial disparity in breast
cancer and function germ line mutation in
galectin-3 (rs4644): a pilot study. Cancer
Res 2008;68:10045-10050.

159



