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Mechanisms leading to fetomaternal tolerance

Successful mammalian pregnancy relies upon acceptance of a semi-allo-
geneic fetus by the maternal immune system. Lessons learned from
studies on protective immunity to microbial infections and tumours,
prevention of autoimmunity, and allograft rejection have contributed to
delineate the mechanisms leading to T-cell tolerance at the fetomaternal
interface. Recent observations highlight the contribution of galectins, a
family of endogenous glycan-binding proteins, to critical biological
events occurring during mammalian gestation, including immune cell
tolerance, inflammation, implantation, and angiogenesis. These multi-
functional lectins can hierarchically control a cascade of immunoregula-
tory events including the expansion, recruitment, and function of
regulatory T cells, the promotion of tolerogenic dendritic cells, and the
execution of T-cell death programs. In addition, galectins can control
cell adhesion and signaling events critical for implantation and are
involved in fundamental processes linking tissue hypoxia to angiogene-
sis. In an attempt to integrate the regulatory roles of galectins to immuno-
logical and vascular programs operating during pregnancy. Here we
outline the regulated expression and function of individual members of
the galectin family within the fetoplacental unit and their biological
implications for the development and preservation of successful preg-
nancies.

expansion of uterine immunomodulatory natural
killer (uNK) cells.” Moreover, trophoblast cells

Homeostatic signals delivered in the form of immuno-
suppressive cytokines or inhibitory receptors are
integrated into a cascade of regulatory circuits that
sustain immune tolerance at the fetomaternal inter-
face.'? Several tolerogenic mechanisms contribute to
prevent fetal damage resulting from overexuberant
immune responses to fetal antigens.' These include a
shift toward a T helper (Th) type-2 cytokine pro-
file,>*  differentiation, and/or recruitment of
CD4" CD25" FoxP3" T regulatory (T,eg) cells®® and
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express inhibitory signals such as programed death-
ligand 1 (PD-L1) and indoleamine 2,3-dioxygenase
(IDO), synthesize immunosuppressive cytokines such
as transforming growth factor-p (TGF-B) and IL-10"°
and promote death of uterine T cells via the Fas
ligand (Fas L) and tumour necrosis factor (TNF)-
related apoptosis-inducing ligand (TRAIL) path-
ways.'"!'?  Furthermore, cells that integrate the
fetoplacental unit can elude allorecognition by
expression of ‘non-classical’ HLA molecules' and can
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elaborate a variety of immunomodulatory neuropep-
tides including vasoactive intestinal peptide.'>*’
Additionally, a functional cross-talk between
immune and endocrine systems, mediated by proges-
terone, progesterone-induced blocking factor, and
human chorionic gonadotropin (hCG) has been
reported to contribute to immune privilege during
pregnancy.'®!” Although there is still no integrated
portrait of these regulatory circuits, disruption of sin-
gle regulatory pathways may lead to substantial and
unpredictable inflammatory responses that induce
fetal loss.'®'® Here, we outline the contribution of
galectins to the promotion of fetomaternal tolerance
and the development and preservation of a success-
ful pregnancy.

Glycans and glycan-binding proteins in pregnancy

A multiplicity of regulatory mechanisms involving
both mother and embryo cells govern embryo
implantation, immune tolerance, and establishment
of a functional vascularized placenta. These dynamic
processes involve the secretion of a variety of cyto-
kines, chemokines, hormones, and growth factors
and a network of specialized cells, including tropho-
blast cells, epithelial cells, decidual stromal cells,
endothelial cells and immune cells.”® As glycans and
glycan-binding proteins play key roles in immune
cell communication and signaling, their involvement
in pregnancy-related processes is not surprising. In
fact, the enormous variety of glycans that cover the
surfaces of mammalian cells have the potential of
storing critical biological information that is decoded
by a large number of glycan-binding proteins or lec-
tins.?! An interesting example illustrating this con-
cept is the complex mucin MUCI. When a
mammalian blastocyst penetrates the uterine cavity,
the surface epithelium of the uterus is extensively
covered by MUC1 which prevents the attachment of
the highly adhesive blastocyst to an improper site.
Indeed, in the human endometrium, MUCI1 is up-
regulated during the implantation period.**> This
suggests that the human endometrial surface epithe-
lium prevents blastocyst adhesion except for the
precise place where the embryo attaches. It has
been hypothesized that proinflammatory cytokines
released in the uterine stroma induce local degrada-
tion of MUC1 which enables the blastocyst to attach
to a specific area of the uterus.”> Whether lectin—gly-
can interactions participate in MUCI1-driven control
of the implantation process remains unknown.
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Galectins: key regulators of cellular homeostasis

Emerging evidence indicates that interactions
between endogenous glycan-binding proteins and
glycosylated receptors are integral for the control of
immunological homeostasis.>! Although distinct lec-
tin families have been described that contribute to
modulate innate and adaptive immune responses,
including C-type lectins and siglecs,”* we will focus
here on an ancient family of glycan-binding pro-
teins, termed galectins, which have emerged as cen-
tral regulators of fetomaternal tolerance.

Galectins specifically recognize complex glycan
determinants on cell surface glycoproteins with rela-
tively high affinity in the submicromolar range.** It
has been demonstrated that it is the structure, num-
ber and density of glycan epitopes in multivalent
glycoproteins, as well as the density of the glycopro-
teins expressed on the cell surface and the multiva-
lent nature of some galectins, which together
determine the avidity of lectin—glycan interactions.**
Multivalent galectin-glycan complexes have been
proposed to serve as scaffolds for organizing plasma
membrane domains, which in turn modulate the sig-
naling threshold of relevant surface glycoproteins
including the T-cell receptor (TCR), B-cell receptor
(BCR) and specific cytokine receptors.?®

Although galectins do mnot have the signal
sequence required for the classical secretory path-
way, most of them are externalized through a non-
classical mechanism and function in the extracellular
milieu by interacting with a myriad of glycosylated
ligands on the cell surface and extracellular
matrix.?**? However, these lectins also play roles
inside the cells including modulation of signaling
and splicing machineries.”® According to their struc-
ture, galectins are classified into ‘prototype’ galectins
(galectin-1, -2, -5, -7, -10, -11, -13, -14 and -15)
which have one carbohydrate recognition domain
(CRD) that can dimerize, ‘tandem-repeat’ galectins
(galectin-4, -6, -8, -9 and -12) which contain two
homologous CRDs in tandem in a single polypeptide
chain and galectin-3, which is unique as it contains
a CRD connected to a non-lectin N-terminal region
that is responsible for oligomerization®’ (Fig. 1).

Although galectins were originally defined by
their ability to recognize the disaccharide N-acetyl-
lactosamine [GalP(1-4)-GIcNAc; LacNAc], evidence
obtained from glycan microarrays and frontal affinity
chromatography analysis revealed substantial differ-
ences in the glycan-binding preferences of individual
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(a) Proto-type galectins (galectin-1, -2, -5, -7, -10, -11, -13, -14, -15

¢

0

Fig. 1 Structure and classification of the galectin family. Galectin are
subdivided into three groups: those containing one CRD; galectin-3,
which consists of unusual tandem repeats of proline- and glycine-rich
short stretches fused onto the CRD; and those containing two distinct
CRDs in tandem, connected by a linker peptide. Many galectins are
either bivalent or multivalent with regard to their carbohydrate-
binding activities: one CRD galectins often exist as dimers; galectin-3
forms pentamers upon binding to multivalent carbohydrates and two
CRD galectins have two carbohydrate-binding sites.

members of the galectin family, which might explain
differences in biological activity.?”*%>! Noteworthy,
in addition to their regulated expression in immune-
privileged sites and inflammatory microenviron-
ments, different intrinsic and extrinsic factors may
control the biological activity of galectins including
(i) their subcellular compartmentalization, (ii) their
oligomerization status, (iii) their stability in reducing
or oxidative microenvironments and (iv) the active
remodeling of N- and O-glycans on target cells.?”*2
Interestingly, while some galectins are widely
expressed, either constitutively or in an inducible
fashion in immune cells and tissues, others have a
more limited cellular distribution. For example,
galectin-1 is considerably upregulated in activated T
and B cells, inflammatory macrophages, tolerogenic
DCs, decidual NK cells, and CD4" CD25" Tgeg cells,
whereas galectin-10 expression appears to be
restricted to eosinophils and CD4" CD25" Treg cells,
galectin-5 is selectively expressed in rat reticulocytes,
galectin-13 (so called ‘placental protein 13" or PP13)
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is expressed in human placenta, and galectin-15
appears to be preferentially expressed in ovine pla-
cental tissue.?” In the next sections, we will integrate
pioneer work and recent findings that contributed to
our understanding of the expression and function of
galectins during inflammation and pregnancy.

Galectins in pregnancy: decision-makers in
fetomaternal tolerance, inflammation, and
implantation

During the past few years, there has been increasing
appreciation for the impact of galectin—glycan inter-
actions in the control of immune cell homeostasis.>'
Although galectins have been mostly studied in the
context of pathologic responses including autoim-
mune pathology, microbial infection, or tumour
growth, their biological roles in physiologic settings,
including pregnancy, are just emerging. Here, we
will dissect the general roles of individual members
of the galectin family with particular emphasis on
their function in the context of reproduction and
pregnancy.

Galectin-1

Galectin-1, a one CRD galectin, functions as a
monomer or a dimer and is highly sensitive to the
redox fluctuations in inflammatory microenviron-
ments.>? This endogenous lectin elicits a broad spec-
trum of immunoregulatory activities in vivo
including the attenuation of autoimmune pathol-
ogy,”>>® control of inflammation-induced neurode-
generation,’” resolution of cardiac inflammation
during myocardial infarction,?® and promotion of
tumour immune escape.>*™*> Mice lacking galectin-1
show greater Thl and Thl7 responses, higher
frequency of immunogenic dendritic cells, aberrant
microglia activation and display more severe autoim-
mune pathology compared with their wild-type
counterpart.>>>7***>  Mechanistically, — galectin-1
selectively kills Thl and Th17 cell subsets through
glycosylation-dependent mechanisms,”> modulates
T-cell adhesion and trafficking,***® promotes the
expansion of FoxP3" or FoxP3™~ regulatory T (Treg)
cells,***>* induces IL-10 secretion®*' and pro-
motes the differentiation of IL-27" IL-10" tolerogenic
dendritic cells.**

Research over the past few years has identified
essential roles of galectin-1 during reproduction and

pregnancy.’*>® Galectin-1 is abundant in the
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placenta, in reproductive tracts and developing
embryo of various species.’* ! Moreover, this 14.5-
kDa [-galactoside-binding lectin is substantially
increased in FoxP3* Treg cells,®? tolerogenic dendritic
cells,** activated T cells,®® inflammatory macrophag-
es,** and uterine NK cells.”®> Within reproductive
tracts and the fetoplacental unit, galectin-1 is mainly
expressed in the late-secretory phase endome-
trium,’® invasive extravillous trophoblast cells,
maternal decidual cells and to some extent also in
the villous mesenchyme of human first trimester
and term placenta.®®®” Moreover, human embryos
undergoing pre-implantation development express
galectin-1 on the trophectoderm and inner cell
mass.®’ Galectin-1 is initially synthesized in the
trophectoderm of expanded blastocysts immediately
prior to implantation, suggesting that it may be
involved in the attachment of the embryo to the
uterine epithelium.®®

Although original studies showed that Gal-1-defi-
cient mice developed normally and did not show
any apparent phenotypic abnormality,®® recent stud-
ies showed that mice lacking this endogenous lectin
had higher rates of fetal loss compared with their
WT counterpart in allogeneic, but not in syngeneic
pregnancies.”® Administration of recombinant galec-
tin-1 prevented fetal loss and restored tolerance
in vivo through expansion and recruitment of uterine
tolerogenic dendritic cells which in turn promote the
differentiation of IL-10-producing Tie, cells.”®
Accordingly, these effects were prevented in mice
depleted of Ty, cells or in mice devoid of IL-10.7°
Moreover, galectin-1 confers immune privilege to
the human trophoblast through modulation of a
number of immunosuppressive pathways including
induction of FoxP3" T, cells and suppression of
Thl cytokines®” (Fig. 2). Targeted inhibition of
galectin-1 expression through antibody-mediated
blockade, disruption of the carbohydrate recognition
domain using specific disaccharides or retroviral-
mediated siRNA strategies prevented these immuno-
regulatory effects.®” Interestingly, secretion of
galectin-1 by uNK cells has been shown to contrib-
ute to the generation of an immune-privileged envi-
ronment by inducing apoptosis of decidual T cells.”!
More recently, galectin-1 produced by uterine mast
cells (uMC) has been identified as a decisive factor
which positively influences spiral artery formation
and placentation and prevents fetal abnormalities.”?
Also, recent studies underscored a role for galectin-1
in promoting immune privilege by regulating expres-
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sion of HLA-G on human trophoblast cells.®' Exoge-
nous galectin-1 upregulated synthesis of the
membrane-bound HLA-G isoforms (HLA-G1 and G2)
in a cytotrophoblast cell line, whereas endogenous
galectin-1 induced expression of the soluble isoforms
(HLA-G5 and -G6),°' adding an additional galectin-
1-mediated mechanism of immune tolerance.

Interestingly, a progesterone—galectin synergism
has been reported in both mouse and human
settings.®””° This cross-talk was confirmed by phylo-
genetic footprinting studies highlighting steroid-
responsive elements in the galectin-1 gene (LGALSI)
that were gained after the emergence of mammalian
placentation.”> Supporting these findings, recent
studies revealed that galectin-1 markedly reduces
the incidence of resorptions in mice missing the
immunophilin FK506-binding protein (FKB)52, a co-
chaperone that optimizes progesterone receptor (PR)
signaling in the uterus.”* Notably, galectin-1 was sig-
nificantly downregulated in both Fkbp52~'~ and
Pgr~’~ uteri compared with WT uteri, suggesting that
uterine galectin-1 is an important downstream target
of progesterone-FKBP52-PR  signaling in the
uterus.”* In addition, galectin-1 has been shown to
act as a regulator of progesterone and hCG synthesis
by the chorionic carcinoma cell line BeWo.””

In addition to its role in fetomaternal tolerance,
galectin-1 has been implicated in non-immunologi-
cal processes including trophoblast cell invasion and
sincytium formation.”®”” In the choriocarcinoma-
derived BeWo cells, galectin-1 inhibits proliferation
through binding to the Thomsen—Friedenreich disac-
charide on MUC1 and modulation of the receptor
tyrosine kinases rearranged during transfection
(RET) and Janus kinase (JAK)2 as well as modula-
tion of the vascular endothelial growth factor-3
(VEGFR3).”” Moreover, galectin-1-N-glycan interac-
tions have been proposed to play key roles in
tumour neovascularization.”® ®! Tissue expression of
this lectin is upregulated during hypoxia through
mechanisms involving hypoxia-inducible factor
(HIF)-1o. or nuclear factor kappa B (NF-kB).®%®
Although these effects were demonstrated in tumour
settings, it is surmised that galectin-induced angio-
genesis may also be important in reproductive biol-
ogy and implantation where hypoxia is a critical
regulatory factor. In addition, galectin-1 plays a key
role in modulation of innate immunity, host—patho-
gen interactions, and platelet physiology.®*®> These
effects may contribute to protective immunity and
normal physiology during pregnancy. Thus, in
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Fig. 2 The multifaceted roles of galectin-1 in pregnancy. Galectin-1 (Gal-1), an endogenous glycan-binding protein, is synthesized by trophoblast
cells, stromal cells, uterine NK cells, uterine mast cells, CD4* CD25" regulatory T (T g) cells, macrophages (M), and dendritic cells (DC) within the
fetoplacental unit. Its expression is regulated by several factors including progesterone, human chorionic gonadotrophin, and hypoxia. Through
extracellular mechanisms, this lectin signals apoptosis of Th1 and Th17 cells, suppresses pro-inflammatory cytokine production, drives the
differentiation of tolerogenic dendritic cells (tolerogenic DC), promotes the differentiation of FoxP3* IL-10-producing Tyeg cells and FoxP3™ IL-10-
producing Teeg (Tr1) cells and induces HLA-G1 and G2 isoforms. In addition, this lectin contributes to trophoblast cell invasion, sincytium

formation, placentation, and angiogenesis.

addition to the major role of galectin-1 as an essen-
tial component of the tolerogenic circuit activated
during pregnancy, this endogenous lectin might also
regulate other critical processes including placenta-
tion, angiogenesis, hemostasis, and control of patho-
gen invasion.

Galectin-2

Similar to galectin-1, galectin-2 is a ‘prototype’
galectin that exists as symmetric dimers containing
two extended antiparallel B-sheets.®® Recombinant
galectin-2 induces apoptosis of mucosal T cells and
displays anti-inflammatory activity in a model of
colitis,®” suggesting its major role in mucosal immu-
nity. Human macrophages express significant
amounts of galectin-2 which interacts with lympho-
toxin o (LTA) and play a key role in the develop-
ment of innate immunity and inflammation during
myocardial infarction. Moreover, galectin-2 binds to
epithelial cells at the E-cadherin/B-catenin complex
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and significantly enhances epithelial cell restoration
and cellular migration in vitro,®® suggesting its possi-
ble involvement in placentation-related events.
However, the precise function of this lectin during
pregnancy remains unexplored.

Galectin-3

Galectin-3 is the only ‘chimera-type’ member of the
galectin family. It shows an extended N-terminal
region composed of tandem repeats of short amino
acid segments (a total of approximately 120 amino
acids) connected to a C-terminal CRD. Unlike galec-
tin-1 and -2, this CRD does not exist as homodimers
in the crystal. By nuclear magnetic resonance spec-
troscopy, galectin-3 was found to exist as monomers
in solution, and the N-terminal fragment has an
unfolded, extended structure. However, galectin-3
can oligomerize in the presence of multivalent
carbohydrate ligands and is capable of cross-
linking glycans on the cell surface, thereby initiating
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transmembrane signaling events and affecting vari-
ous cellular functions.?® This self-association prop-
erty is dependent on the N-terminal region of the
protein. As this region is sensitive to proteases, such
as collagenase and matrix metalloproteinases
(MMPs), the in vivo biological activities of galectin-3
are likely to be modulated by these enzymes.®**°
Compared with other galectins, intracellular func-
tions of galectin-3 are more extensively documented.
Intracellularly, galectin-3 functions as an antiapop-
totic protein and induces pre-mRNA splicing.”®
Extracellularly, galectin-3 binds in a carbohydrate-
dependent manner to extracellular matrix proteins,
including integrins, thereby influencing cell—cell
adhesion, migration, cytokine production, and sig-
naling.”® In addition, galectin-3 can form lattices
with selected cell surface glycans and modulate sig-
naling, mobility, and endocytosis of different gly-
cosylated receptors including the TCR, epidermal
growth factor receptor and transforming growth fac-
tor.’® Galectin-3 affects the differentiation and
growth of various immune cells; it induces apoptosis
of T cells and neutrophils and activates several lym-
phoid and myeloid cells, including mast cells, neu-
trophils, and T cells, resulting in production of
reactive oxygen species, degranulation, and cytokine
production.” In vivo studies using galectin-3-defi-
cient (Lgals3~'") mice supported the notion that
galectin-3 amplifies inflammatory responses, suggest-
ing that this endogenous lectin might play a role
during early implantation, where proinflammatory
cytokines, such as TNF and IFN-y play decisive roles.
In addition, a number of studies supported a role of
galectin-3 in the modulation of Th1-Th2 cytokine
balance.”” Galectin-3, probably the best studied
member of the family, has also been proposed to
play key roles in several physiologic and pathologic
processes including angiogenesis,’* tumour develop-
ment and progression,”? and wound healing.”* Col-
lectively, these observations support a major role for
galectin-3, acting either intracellularly or extracelllu-
larly, at different stages of pregnancy development.
Galectin-3 mRNA and protein were higher in
pregnant compared to non-pregnant mouse endome-
trium, and their maximum levels were reached on
days 2 and 4, being localized at the luminal and
glandular epithelia. Interestingly, the numbers of
embryos implanted decreased substantially when
galectin-3 was knocked down selectively in mouse
endometrium.’> Northern blot analysis of total RNA
prepared from separated fetal and maternal compo-
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nents of utero-placental complexes demonstrated
different patterns of galectin-3 expression. Relative
levels of galectin-3 mRNA peaked at midgestation in
the implantation site and during the second half of
gestation remain elevated in the placenta but
declined in the uterus.”® Moreover, in bovine pla-
centomas, galectin-3 was confined to uterine epithe-
lial cells.”” In human endometrium, galectin-3
expression increased significantly during the secre-
tory phase of the menstrual cycle.’” This lectin was
observed in endometrial cells of the primary decid-
ual zone immediately after implantation and at later
stages of pregnancy in the decidua basalis and metri-
al gland and all trophoblastic elements of the pla-
centa.>® In fact, both galectin-1 and galectin-3
expression correlated with the differentiation path-
ways of trophoblasts. Galectin-3 was detected in all
trophoblastic lineages including villous cytotropho-
blasts and extravillous trophoblasts (trophoblastic
cell columns, infiltrating trophoblasts, endovascular
trophoblasts, and placental bed giant cells).”® How-
ever, despite considerable evidence on the expres-
sion pattern of galectin-3 at the fetoplacental unit of
several species, its physiologic roles during preg-
nancy remain obscure. Crider-Pirkle and colleagues
identified cubilin, as an endogenous binding partner
for galectin-3. Cubilin occurred in yolk sac epithe-
lium throughout pregnancy but was endocytosed by
uterine NK cells, apparently via interaction with
galectin-3."® Whether cubilin-galectin-3 interactions
play any role in uNK cell physiology remains to be
determined. In addition, in ovine placental tissue,
galectin-1 and -3 have demonstrated antagonic
immunomodulatory effects in vitro. While galectin-3
favored T-cell proliferation and activation, galectin-1
displayed T-cell inhibitory activity.’”*°

Galectin-4

Galectin-4, a tandem-repeat two CRD galectin, is
predominantly expressed in mucosal tissues includ-
ing the intestines.'®® The role of galectin-4 in lipid
raft formation has been studied in different settings.
Sulphatides with long-chain hydroxylated fatty
acids, which are enriched in lipid rafts, were identi-
fied as high-affinity ligands for galectin-4. By inter-
acting with sulphatides, galectin-4 fosters the
clustering of lipid rafts and contributes to apical
delivery of proteins.'®’ Galectin-4 regulates the
development of inflammatory bowel disease by stim-
ulating CD4" T cells to produce IL-6.'°% Recently,
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Nishida et al. identified an inducible colitis-associ-
ated glycome that can be identified through the
binding of galectin-4 in local, but not systemic,
memory CD4% T cells exposed to intestinal inflam-
matory conditions. The inflammation-associated
glycome represents an immature core l-expressing
O-glycan structure selectively expressed in inflamed
intestinal tissue.'®® In addition, galectin-4 contrib-
utes to wound healing and regulates apoptosis of
mucosal T cells.®® These observations suggest a major
role of galectin-4 in immune cell activation, inflam-
mation, and expansion of memory T cells in mucosal
tissue. Although scarce information is available
regarding the function of galectin-4 in feto-placental
tissue, its expression has been found to be restricted
to uterine epithelial cells and blood vessel walls in
the bovine endometrium.®” Furthermore, during rat
placentation, galectin-4 was downregulated in differ-
entiated trophoblasts. Immunohistochemical analysis
showed that galectin-4 was preferentially located in
the maternal-fetal junctional zone, suggesting a pos-
sible role for this lectin in the promotion of tropho-
blast cell differentiation.'%*

Galectin-7

Galectin-7, a one CRD ‘prototype’ galectin, is found
mainly in stratified squamous epithelium and its
expression correlates with keratinocyte differentia-
tion. The crystal structure of human galectin-7
revealed formation of complexes with galactose, lac-
tose, and N-acetyllactosamine.'®® Galectin-7 is an
early transcriptional target of the tumour suppressor
protein p53, its expression is upregulated rapidly
after ultraviolet B irradiation of epidermal keratino-
cytes and promotes apoptosis of these cells.'®® This
lectin is also implicated in wound healing and epi-
thelial cell migration.”* However, the regulated
expression and function of this lectin during preg-
nancy has not yet been explored.

Galectin-8

Three mRNAs encode six different galectin-8 iso-
forms; three with two CRDs in tandem and three
with only one CRD.'®” Recombinant galectin-8
inhibits epithelial cell adhesion through binding to
o1B3 integrin. Binding of galectin-8 results in strong
activation of integrin-mediated signaling which reg-
ulates cell adhesion and survival.'®® By cross-linking
specific glycoconjugates on oM integrin, galectin-8
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stimulates innate immunity through induction of
superoxide production by neutrophils and control of
neutrophil adhesion to extracellular matrix.'%’
Moreover, both galectin-8 and galectin-4, which are
expressed in mucosal tissue, recognize and Kkill
human blood group antigen-expressing invading
bacteria replacing recognition by specific antibod-
ies.!'® Recent findings demonstrated that galectin-8
is required for T-cell proliferation''!, platelet activa-
tion,"'? and angiogenesis.''> Collectively, these find-
ings suggest a possible role for galectin-8 in cellular
migration, host-pathogen interactions, immunity,
and neovascularization during pregnancy. Although
galectin-8 is selectively expressed by villous and
extravillous trophoblast in human placenta,''* the
functional relevance of this lectin during pregnancy
has not yet been ascertained.

Galectin-9

Three isoforms of galectin-9 differing in the lengths
of their linker sequences have been identified.'"”
Similar to other two CRD galectins, galectin-9 has
also been found in lipid rafts. Galectin-9 can either
initiate or terminate adaptive immunity through
modulation of T-cell survival or activation of anti-
gen-presenting cells. In fact, recombinant galectin-9
induces selective apoptosis of Thl cells and termi-
nates autoimmune inflammation but, paradoxically,
promotes dendritic cell maturation and macrophage
activation through binding to the cell surface mole-
cule TIM-3.''*''7  However, TIM-3-independent
mechanisms of immune cell activation, Th1/Th17
cytokine production, and apoptosis have also been
described.''® Moreover, galectin-9 regulates glucose
homeostasis by facilitating retention of GLUT-2 on
the surface of pancreatic B cells.''” These observa-
tions suggest potential roles for galectin-9 in immuno-
logical and metabolic pathways during pregnancy.
Notably, galectin-9 is found in human endome-
trium, specifically in endometrial epithelial cells, but
not in stromal cells or immune cells. It is expressed
at very low concentrations during the proliferative
phase and the early secretary phase and showed a
sharp increase in the mid and late-secretory phase,
the window of implantation, as well as in the decid-
uas.'?° Moreover, a recent study profiled expression
of galectin-9 (LGALS9) isoforms at the fetomaternal
interface in mouse and human pregnancy. Decidual
galectin-9 was considerably altered in a mouse
model of spontaneous abortion. The LGALS9 D5
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isoform selectively dampened IFN-y production by
decidual NK cells. In human patients, six LGALS9
splice variants were detected, and a decrease in
LGALS9 D5/10 was associated with recurrent fetal
loss."?! Given the inhibitory role of TIM-3 during
microbial and tumour immunity, the role of galec-
tin-9-TIM-3 interactions during gestation remains to
be investigated.

Galectin-10

Galectin-10 has a single CRD, sharing only six of
eight residues directly involved in lactose binding.
Surprisingly, it has affinity for mannose but not for
B-galactosides.'?? In spite of its modest sequence
homology, the overall structural fold of galectin-10
is very similar to other galectins, especially galectin-
7.'22 This lectin is constitutively expressed in
eosinophils, basophils, and CD4" CD25" T, cells.
Inhibition of endogenous galectin-10 by RNA interfer-
ence abrogated the suppressive activity of Tyeq cells.'??
These effects appear to be mediated via an intracellular
mechanism that is not completely understood.
Although unexplored in pregnancy settings, the selec-
tive expression of galectin-10 in T, cells suggests its
potential role in fetomaternal tolerance in human
pregnancies.

Galectin-12

While the N-terminal domain of galectin-12, a ‘tan-
dem-repeat” galectin, contains all sequence elements
predicted to form the two B-sheets found in other
galectins as well as conserved carbohydrate-interact-
ing residues, its C-terminal domain shows consider-
able divergence from the consensus sequence.'?*
Galectin-12 is over-represented in adipocytes com-
pared to other tissues and has been proposed to play
key roles in cell cycle regulation, adipocyte differen-
tiation, and insulin sensitivity.'*>!?® The role of this
‘tandem-repeat’ lectin during pregnancy remains to
be investigated.

Galectin-13

Placental protein 13 (PP13) was cloned from human
term placenta. As sequence analyses, alignments,
and computational modeling showed its conserved
structural and functional homology to members of
the galectin family, the protein was designated as
galectin-13. Similar to human eosinophil galectin-10
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but not other galectins, its weak lysophospholipase
activity was confirmed.'?” It has been proposed that
PP13 serves as a placental alarmin and undergoes
lipid raft-associated subcellular redistribution in the
syncytiotrophoblast.'*® Sugar-binding assays revealed
that N-acetyl-lactosamine, mannose, and N-acetyl-
glucosamine residues widely expressed in human
placenta had the strongest binding affinity to both
the purified and the recombinant PP13/galectin-13.
PP13 was found to be localized to syncytiotropho-
blasts in the chorionic villi and to occasional multi-
nucleated luminal trophoblasts within converted
decidual spiral arterioles.'?” Extracellular PP13
aggregates were found around decidual veins associ-
ated with immune cell-containing decidual zones of
necrosis,' >’ suggesting their role in trophoblast inva-
sion, conversion of maternal spiral arterioles, and
modulation of immunity. Exposure of cultured
trophoblasts to PP13 resulted in depolarization of
calcium ions, followed by liberation of linoleic and
arachidonic acids from the trophoblast membrane,
and subsequent elevation of prostacyclin and trom-
boxanes,'*° supporting its potential role in the
control of trophoblast physiology.

Galectin-14

Ovine galectin-14 is selectively expressed in eosin-
ophils and is released into lung and gastrointestinal
tissues following allergen or parasite challenge.
Galectin-14 is active in carbohydrate-binding assays
and is involved in promoting cellular adhesion and
changing mucus properties during parasite infection
and allergies.">"

The possibility that eosinophil-derived galectin-14
could modulate mucus properties during implanta-
tion or could influence host—-pathogen interactions
during pregnancy remains to be explored.

Galectin-15

Galectin-15 (also known as OVGALI11) is expressed
specifically in the endometrial luminal and superfi-
cial glandular epithelia of the uterus in concert with
blastocyst elongation during the pre-implantation
period in the sheep, but it is also expressed in the
uterus of goats and pigs.'*? Carbohydate-binding
assays revealed its ability to bind lactose and man-
nose sugars. Progesterone upregulates galectin-15
mRNA in the endometrial epithelium of pre-implan-
tation conceptus.'’>> In pregnant sheep, expression
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appeared in the epithelia between days 10 and 12
and increased between days 12 and 16. Interestingly,
galectin-15 forms crystals in the trophectoderm and
regulates implantation and placentation by function-
ing as a heterophilic cell adhesion molecule between
the conceptus trophectoderm and endometrium
luminal epithelium.'**

Galectins in pathologic pregnancies

In human pregnancy, the implantation period is
characterized by an initial inflammatory response
that later shifts toward a tolerogenic state.!>’ An
inappropriate dysregulation of proinflammatory/
anti-inflammatory mediators may represent a major
cause of fetal loss. Interestingly, a significant reduc-
tion in circulating galectin-1 and a higher prevalence
of antigalectin-1 autoantibodies were found in sera
from patients with recurrent spontaneous abortions
(RSA) compared with fertile women, suggesting a
possible mechanism to explain pregnancy loss in
RSA patients.®” Decreased levels of galectin-1 were
also found in RSA patients who suffered subsequent
miscarriages compared with normal pregnant
women.®’  Supporting these findings, proteomic
analysis of placental villous showed the lower
expression of galectin-1 in placental tissue from
patients with early pregnancy loss compared with
placental tissue from normal pregnant women.'>®
However, the levels of serum galectin-1 and antiga-
lectin-1 autoantibodies did not differ significantly
between healthy pregnant women and patients with
pre-eclampsia137; yet, galectin-1 expression was
markedly upregulated in placental tissue from
patients with pre-eclampsia.'*® These results under-
score possible differences in the expression of local
versus systemic galectin-1 in different pathophysio-
logic settings. Moreover, increased galectin-1 mRNA
expression was found in chorioamnionitis when
analyzed in patients with pre-term pre-labor rupture
of the membranes (PPROM). Here, its expression
was mainly localized in amniotic epithelium, chor-
ioamniotic mesodermal cells, and apoptotic
bodies.'*>® Importantly, both galectin-1 and galectin-
3 were upregulated on placental tissue from patients
with intrauterine growth retardation (IUGR),
whereas only galectin-1 was upregulated in decidual
tissue from pre-eclamptic placentas.'*® Moreover,
immunoreactivity for both galectin-1 and galectin-3
was found to be increased in gestational trophoblas-
tic disease (GTD), suggesting possible roles of these
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lectins in the invasiveness of the transformed
trophoblastic cells.”® On the other hand, PPI3
(galectin-13) has been proposed to be a practical,
individual predictor of women at risk of developing
pre-eclampsia.'*' Levels of PP13 in first-trimester
pregnancies increased with gestational age in con-
trols and pre-eclampsia cases, but at different rates.
PP13 levels were decreased in women with pre-
eclampsia compared to controls.'** Thus, changes in
the expression and function of different galectins
may contribute to the transition from normal to
pathologic pregnancies. Alternatively, selective varia-
tions in galectin expression levels could serve as pos-
sible biomarkers of pregnancy complications
including RSA, pre-eclampsia, IUGR, and GTD.

Conclusions and implications

The present review aims at integrating scattered
information on the role of galectins, a family of
endogenous glycan-binding proteins, in the develop-
ment of normal and pathologic pregnancies. Galec-
tins play diverse roles during the initiation,
amplification and resolution of inflammatory
response and can also regulate non-immunological
processes including wound healing, cellular adhe-
sion, migration, and angiogenesis. Although many of
these functions have not yet been explored at the
fetomaternal interface, galectins have been shown to
play key roles in implantation and fetomaternal tol-
erance. Particularly, galectin-1 produced by tropho-
blast cells, uMC and uNK cells hierarchically
regulates immunosuppression during pregnancy
including differentiation of tolerogenic dendritic
cells, expansion of Ty, cells, and apoptosis of decid-
ual T cells, but also contributes to placentation
through non-immunological mechanisms.

Future studies should examine the in vivo role of
individual members of the galectin family (in addi-
tion to galectin-1) during pregnancy. Given the
diverse range of galectin-deficient mice that are now
available, it will be feasible to determine the impact
of galectins and their glycosylated receptors in feto-
maternal tolerance, implantation, and placentation.
These data will set the basis to improve clinical out-
comes in pathologic pregnancies and/or to provide
novel biomarkers of successful gestation or early
fetal loss. However, before galectin-based therapeutic
agents can be extrapolated to clinical settings, a
more thorough understanding of the mechanisms
involved in galectin functions is essential. In this
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regard, it will be critical to evaluate the results of
side-by-side studies of the immunoregulatory activi-
ties of different members of the galectin family and
to study the cross-talk between galectins and other
established regulatory pathways including PD-LI,
STAT-3, and IDO. Finally, given the complexity of
galectin—glycan boundaries and the multiple parame-
ters influencing these molecular interactions, further
work is required, involving multidisciplinary
approaches, to achieve a global comprehensive view
of the role of endogenous galectins and their specific
carbohydrate ligands during pregnancy.
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