l" frontiers
in Immunology

REVIEW
published: 19 August 2020
doi: 10.3389/fimmu.2020.01877

OPEN ACCESS

Edited by:
Emilio Luis Malchiodl,
University of Buenos Aires, Argentina

Reviewed by:

Sean Stowell,

Emory University, United States
Hakon Leffler,

Lund University, Sweden

*Correspondence:
Benoit Desnues
benoit.desnues@univ-amu.fr

Specialty section:

This article was submitted to
Microbial Immunology,

a section of the journal
Frontiers in Immunology

Received: 16 April 2020
Accepted: 13 July 2020
Published: 19 August 2020

Citation:

Ayona D, Fournier P-E, Henrissat B
and Desnues B (2020) Utilization of
Galectins by Pathogens for Infection.
Front. Immunol. 11:1877.

doi: 10.3389/fimmu.2020.01877

Check for
updates

Utilization of Galectins by Pathogens
for Infection

Diyoly Ayona', Pierre-Edouard Fournier?, Bernard Henrissat®**° and Benoit Desnues ™

T Aix Marseille Univ, IRD, APHM, MEPHI, IHU-Méditerranée Infection, Marseille, France,  Aix-Marseille Univ, IRD, APHM,
VITROME, IHU-Meéditerranée Infection, Marseille, France, ° Architecture et Fonction des Macromolécules Biologiques, CNRS,
Aix-Marseille University, Marseille, France, * USC1408 Architecture et Fonction des Macromolécules Biologiques, Institut
National de la Recherche Agronomique, Marseille, France, ° Department of Biological Sciences, King Abdulaziz University,
Jeddah, Saudi Arabia

Galectins are glycan-binding proteins which are expressed by many different cell types
and secreted extracellularly. These molecules are well-known regulators of immune
responses and involved in a broad range of cellular and pathophysiological functions.
During infections, host galectins can either avoid or facilitate infections by interacting
with host cells- and/or pathogen-derived glycoconjugates and less commonly, with
proteins. Some pathogens also express self-produced galectins to interfere with host
immune responses. This review summarizes pathogens which take advantage of host- or
pathogen-produced galectins to establish the infection.
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INTRODUCTION

Galectins are glycan-binding proteins characterized by evolutionary conserved carbohydrate
recognition domains (CRDs) with affinity for B-galactose-containing glycoconjugates. The first
mammalian galectin, Gal-1, was discovered in the late 1970’, and today a total of 16 different
mammalian galectins have been identified. These lectins are categorized into three major groups,
called “prototypal,” “tandem repeat,” and “chimeric” based on their structural differences. The
prototypal galectins have one CRD and the members are Gal-1, -2, -5, -7, -10, -11, -13, -14,
-15(1) and -16 (2). Tandem repeat galectins, Gal-4, -6, -8, -9, and -12 comprise two distinct
CRDs which are connected by a short linker peptide (1). These galectins are sometimes called
“heterodimeric” because of their distinct CRDs (3). Gal-3 is the only known chimeric galectin in
vertebrates. It consists of one CRD bearing an extended N-terminal domain with unusual proline-,
glycine-, and tyrosine-rich repeats (1). Prototypical galectins are monomers which preferentially
form non-covalent homodimers in solution resulting in a monomer-dimer equilibrium (Figure 1).
The dimeric form of prototypal galectins is critical for galectin-glycan binding and cell signaling
(4, 5). Tandem repeat galectins are usually reported to be monomeric in solution, but they may
form homodimers or multimers (Figure 1), as described for Gal-9 (6, 7), which could be more
effective in forming a network with cell surface glycoproteins (8, 9). Gal-3 predominantly exists as a
monomer in solution (10), but can self-associate via its N-terminal (11) or C-terminal domains (12)
(Figure 1). It has been shown that Gal-3 self-association is dependent on the ligand (13) and the
concentration of monomeric Gal-3. Oligomerization of Gal-3 can result in high molecular weight
aggregates (14). It has been suggested that Gal-3 could form pentamers based on stoichiometry
in precipitates with some synthetic divalent glycans (15). However, the data in this paper are also
compatible with other models, better supported by additional data [summarized in Lepur et al.
(13) and Johannes et al. (16)]. A key feature is that a bound Gal-3 molecule enhances binding of
additional galectin-3 molecules. In addition to glycans, Gal-3 has also the ability to interact with
distinct proteins such as Alix (17) or Bcl-2 via its N-terminal domain (18).
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FIGURE 1 | Prototype, chimera, and tandem repeat-type galectins and their modes of self-association.
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In humans, a total of 13 genes encoding galectins have been
identified, including two genes for Gal-9 (1, 2). The primary
carbohydrate unit recognized by all galectins is Gal-B(1,4)-
GlcNAc (N-acetyllactosamine, LacNAc) (8, 19). Hence, LacNAc-
containing glycolipids like gangliosides and glycoproteins, such
as mucins, laminin, lysosome-associated membrane proteins
and fibronectins can serve as endogenous ligands for vertebrate
galectins (20). The galectin binding affinity for a ligand varies
for each galectin and thus, each galectin has a specific glycan
affinity spectrum (21). For example, Gal-1 has high affinity for
complex type N-glycans (Kq <8 wM) and its affinity increases
with the N-glycan branching number (21). Gal-3 has a particular
preference for blood group A (K4 ~3.8 pM) and B (K4 ~1.6 wM)
saccharides. In addition, Gal-3, Gal-8, and Gal-9 have high
affinity (Kg <2 wM) toward repeats of LacNAc. Interestingly, the

binding affinities of the N- and C-terminal domains of tandem
repeat Gal-8 can vary, even for the same ligand (21). Recent
studies have highlighted that sialylation (and particularly «2,6-
sialylation) of the terminal galactose residues has an inhibitory
effect on galectin-glycan interactions [see (22) for a review].
Galectins have a wide tissue distribution (23). However, the
abundance of individual galectins varies with the tissue and
the cell type. Moreover, the expression of some galectins is
highly modulated by external stimulations, including microbial
infection (16, 24). Galectins can be found inside (in the
cytosol, nucleus, mitochondria or associated with the plasma
membranes) or outside the cells. Sometimes, depending on
location, the same galectin may have a different impact on
a certain process (25). Thus, galectin secretion is tightly
regulated. Although galectins are devoid of secretion signal
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FIGURE 2 | An illustration of the involvement of secreted galectins in host-host glycan and host-microbial glycan interactions. Secreted galectins can exist as free
soluble molecules in the extracellular space or associated with cell membrane and extracellular matrix. Secreted galectins may bind host glycans (cell surface
glycans), foreign glycans (pathogen surface glycans) and even bridge host glycans and pathogen glycans.
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peptide sequences, they are secreted outside the cells by
non-classical pathways where they interact with extracellular
matrix and cell surface glycans (16, 24). Although galectins
can sometimes function in a glycan-independent manner,
their primary function is mediated through carbohydrate
recognition (26).

Galectins are involved in a broad spectrum of cellular
functions, including cell adhesion, migration, apoptosis,
autophagy, signaling, proliferation, and growth as well as in
different non-inflammatory and inflammatory diseases like
asthma, obesity, diabetes, fibrosis, cardiovascular disease, and
cancers (24, 27-29). Galectins are preferentially expressed in
myeloid than in lymphoid cells, and myeloid cells appear to be
the main targets for galectin-mediated regulation of immune
responses (30).

Galectin targets are not limited to endogenous cell glycans.
They can also bind the surface glycans of pathogens (Figure 2),
acting as pattern recognition receptors (PRRs) (28). Numerous
studies have shown the impact of infection on host galectin
expression, emphasizing their role in host defense. Galectins
can negatively interfere with mechanisms crucial for pathogen
adherence and cell entry. For example, Gal-1 inhibits the
adsorption and internalization of Dengue virus (DENV-1)

by directly interacting with the virus (31). Galectin binding
on the pathogen surface can also exert direct and indirect
antimicrobial effects. The prime example for this is Gal-3,
which is also well-known for its fungicidal activity. Acting
as a PRR, Gal-3 can kill Candida spp. bearing f-1,2-linked
oligomannosides (32). Similarly, Gal-3 inhibits the growth of
Streptococcus pneumoniae by augmenting neutrophil function
against bacteria (33). Moreover, both Gal-4 and -8 tandem repeat
galectins can specifically recognize blood group antigen B on
some bacteria to eradicate them (34). Gal-3 not only acts as
a PRR but also acts as an opsonin. During E. coli infection,
Gal-3 binds lipopolysaccharide (LPS) and thus, increases the
phagocytic killing of bacteria (35). Intracellular Gal-3 participates
to bacterial killing by directing the delivery of antimicrobial
guanylate binding proteins to intracellular pathogen-containing
vacuoles, such as those containing Legionella pneumophila or
Yersinia pseudotuberculosis. The infected vacuoles are detected by
sensing of bacterial secretion systems inserted in the membranes
(36). Gal-8 and -9 can also detect vesicle-damaging pathogens
via exposed host glycans from ruptured membranes, and Gal-
8 was shown to activate antibacterial autophagy (37). Finally,
galectins also regulate immune responses by modulating cytokine
production (38), and by regulating the activation and recruitment
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of immune cells (33, 39). Therefore, galectins play a vital role
against infections [see (40) for a review].

In spite of the involvement of galectins against infection, some
pathogens have evolved strategies to use and exploit galectins to
facilitate their adherence and entry into cells and to subvert host
immune responses in order to favor invasion (28, 40). This review
discusses how host-galectins are directly or indirectly hijacked by
some pathogens and how pathogen self-produced galectins can
act in favor of infection.

VIRAL INFECTIONS

Viral capsids and envelope proteins are important determinants
of virus-host interaction and invasion (41). They can sometimes
be N- or O- glycosylated by the host glycosylation machineries
(41-43). In addition, glycosylation can also be affected by
mutations of the glycosylation motifs of the viral proteins
(44). Glycosylated viral proteins play a crucial role by actively
participating to viral entry and by interfering with host
immune responses. Viral glycoproteins are therefore important
therapeutic and diagnostic targets (40).

Human Immunodeficiency Virus Type 1
(HIV-1)

Galectins interact with HIV-1 at different stages of the viral
cycle (45). At the cell entry stage, Gal-1 interaction with the
Gp120 envelope protein bridges Gp120 with its T cell receptor,
CD4 (46, 47). N-linked glycans from CXCR4 and CCR5 co-
receptors of Gp120 are composed of 70% of oligo-mannose while
the remainder is represented by bi-, tri-, and tetra-antennary
complex glycans bearing two to six B-galactose residues. Affinity
chromatography has shown that complex N-glycans released
from Gp120 have relatively similar affinities for Gal-1 and Gal-
3, but only Gal-1 can bind N-glycans attached to Gp120 (46).
Interestingly, Gal-1 and Gal-3 retain the same affinity for Gp120
even when disulfide bridges are reduced, suggesting that the
binding difference between Gal-1 and Gal-3 is independent of the
structure of complex glycans. Therefore, this binding difference
has been assumed to arise from the spatial organization of the
complex glycans on Gp120 (46). It has also been found that Gal-
1 binds CD4 in a B-galactose-dependent manner. CD4 affinity
chromatography has shown that the presence of Gal-1 increases
the retention of Gp120 on the CD4 column and thus that Gal-
1 stabilizes the Gp120-CD4 interaction (46). Accordingly, it has
been proposed that oligo-mannose and complex glycans form
homogeneous clusters on Gp120 surface and that these clusters
may be more abundant near the CD4+ binding site of Gp120,
possibly facilitating Gal-1-mediated Gp120-CD4 interactions
(46). In line with these findings, in vitro cell infection assays
demonstrated that the addition of recombinant Gal-1 enhances
the infection (46, 48) while mutations affecting complex viral
glycans result in reduced infectivity (49).

Gal-3 interaction with HIV-1 was also shown to be exploited
by the virus at later stages of the viral life cycle. The association
between the p6 domain of the viral Gag protein (a viral protein
involved in virion release) and ALG-2-interacting protein X

(Alix, a cell cytoskeletal protein involved in endocytosis) is crucial
for viral budding. Intracellular Gal-3 interacts with the proline-
rich regions of Alix via its N-terminal domain (50). Accordingly,
co-immunoprecipitation experiments and cell infection assays
using cells deficient for Gal-3 or Alix have revealed that Gal-3-
mediated Alix interaction promotes viral budding by stabilizing
the Gag-p6-Alix complex (50, 51).

Gal-9 has also been shown to favor HIV-1 infection by
inducing Thl cell apoptosis and Th2 cell migration, thus
decreasing Th1/Th2 cell ratio (52). The T cell immunoglobulin
mucin domain 3 (Tim-3) and non-sialylated N-glycans are
essential requirements for Gal-9 mediated T cell apoptosis. Gal-
9 specifically targets Thl cells over Th2 cells, because Th2 cells
lack Tim-3 and express «-2,6 sialylated N-glycans (53, 54).
Instead of Tim-3, Gal-9 binds O-glycans on the T cell receptor
protein disulfide isomerase (PDI) of Th2 cells. PDI, which is
more abundant on Th2 than Thl cells (52), has been shown
to catalytically rearrange disulfide bonds of the viral envelope
glycoproteins and this is crucial for effective membrane fusion
and cell entry (55). Immunoprecipitation and T cell migration
assays have revealed that Gal-9-PDI interaction induces Th2 cell
migration by increasing the abundance as well as the retention
time of PDI on Th2 cell surface while regulating 3 integrin
activation (52). Accordingly, it has been shown that exogenous
addition of Gal-9 increases the viral entry in a PDI-dependent
manner, since PDI inhibitors reverted the Gal-9-mediated viral
entry in vitro. In summary, the Th2 microenvironment resulting
from Gal-9 upregulation is exploited by HIV-1 to promote
infection (52).

Human T Cell Leukemia Virus Type 1
(HTLV-1)

The formation of virological synapses following host cell-to-
cell contact is essential for the transmission of HTLV-1. These
virological synapses result from the interaction between infected
and non-infected cells. HTLV-1-infected cells secrete Gal-1 at
higher levels than uninfected cells. This was found to be the
result of activation of Gal-1 promoter by viral protein Tax
(56). In vitro cell infection assays have shown that virions
infection can be increased by adding Gal-1 and can be inhibited
by lactose, which interferes the galectin interaction with host
cell/viral B-galactose residues (56). Quantitative T cell fusion
assays have shown that Gal-1 enhances HTLV-1-mediated T
cell fusion of infected cells with uninfected cells. Gal-1 is thus
believed to increase the cytoplasmic exchange of the virus
through gp46-dependent cell fusion events between infected
and non-infected cells (56). In addition to virological synapse
formation, HTLV-1 cell-to-cell transmission can occur by other
means. Indeed, HTLV-1 budding virions have also been found
embedded in adhesive, virus-induced extracellular matrices
at the surface of infected cells. These extracellular matrices
promote rapid adherence of infected cells to other lymphocytes.
Interestingly, the matrices contain extracellular components as
well as cellular proteins, including Gal-3 but not Gal-1 (57, 58).
The precise role of Gal-3 in this biofilm pathway remains to
be elucidated.
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Herpes Simplex Virus (HSV-1)

HSV-1 uses different strategies to escape T cell-mediated viral
clearance, such as the increase of T cell apoptosis, the inhibition
of T cell activation as well as the secretion of pro-inflammatory
cytokine (59-62). Gal-1 can also mediate apoptosis of Th1, Th17
and cytotoxic T cells by interacting with LacNAc-containing N-
or O-glycans harbored by receptors such as CD7, CD43, and
CD45. As described earlier, Th2 cells are not affected due to
differentially sialylated surface glycoproteins. It has been shown
in vitro that HSV-1 induces expression and secretion of Gal-1 and
thereby promotes cell apoptosis which can be inhibited by Gal-1
inhibitors (60). Hence, HSV-1 appears to use Gal-1 to promote T
cell apoptosis and to reduce T cell-mediated virus clearance (60,
63). However, in a murine model of herpetic keratitis, Rajasagi
et al. have shown that recombinant Gal-1 treatment suppressed
stromal lesions and decreased disease severity (64). Therefore, the
exact role of Gal-1 during HSV-1 infection remains to be clarified.

Gal-3 is found on the glycocalyx of the apical cell membrane
of corneal keratinocytes. Affinity assays have shown that Gal-3
interacts with HSV-1 and transmembrane mucins. Intriguingly,
knockdown of Gal-3 prevents HSV-1 infection of human
corneal keratinocytes. Contradictorily, binding of Gal-3 to
transmembrane mucins on apical membranes appeared to reduce
HSV-1, as indicated by reduced HSV-1 infectivity in vitro with
the addition of transmembrane mucins. Therefore, Gal-3 seems
to play a dual role acting as an entry mediator of HSV-1 during
herpetic keratitis (65).

HSV-1 latency is mainly maintained by CD8+ T cells
accumulating in the trigeminal ganglion (TG). Reddy et al. have
evaluated the role of Gal-9 during HSV-1 latency in vivo. They
observed an increase in Gal-9 expression of TG as well as Tim-3
expression of resident CD8+ T cells, 3-10 days after infection.
Interestingly, CD8+ T cells isolated from TG of infected Gal-
9-deficient mice had a higher effector functionality than those
isolated from wild-type mice, as indicated by their relatively high
production of IFN-y or TNF-a cytokines. Moreover, addition of
recombinant Gal-9 to TG cell cultures in the latent phase resulted
in apoptosis of the majority of CD8+ T cells. Therefore, it has
been concluded that the Gal-9/Tim-3 pathway not only induces
CD8+ T cell apoptosis but also impairs the CD8+ T cells effector
functionality (66). HSV-1 reactivation from latency can occur
when the number or effector function of CD8+ T cells in TG is
altered (67, 68). Accordingly, it has been shown that infection of
Gal-9-deficient TG cells results in a delay and a reduction of viral
reactivation from latency. Hence, Gal-9 appears to favor HSV-1
infection by facilitating viral reactivation from latency under the
influence of the host homeostatic mechanisms (66).

Influenza Virus

Influenza virus harbors an envelope densely covered with
galactose, oligomannose, and sialic acid residues. The two
major envelope glycoproteins are hemagglutinin (HA) and
neuraminidase (NA). Their glycosylation type is either complex
or oligomannose and varies depending on the viral subtypes
and strains (69, 70). HA attaches viruses to host cell surface
by binding to sialylated receptors and facilitates penetration by
favoring fusion of viral to endosomal membranes. NA removes

sialic acid from viral and host cell glycoproteins to trigger virion
mobility for cell entry or release. Therefore, the balance between
HA and NA activity is crucial for efficient viral replication
(71). It has been found that pre-incubation of Madin-Darby
Canine Kidney (MDCK) cells with Gal-1 and Gal-8 promotes
virus binding, but the infectivity varies depending on strain
type and galectin dose (69). Yang et al. have shown that in the
presence of Gal-1, the viral load is significantly reduced after
24h compared to the control without Gal-1. Moreover, they
demonstrated that Gal-1 interaction with influenza virus glycans
limits the infection in vivo, by reducing viral load, inflammation,
and cell apoptosis in the lung. It is hypothesized that Gal-1 may
limit the binding of HA to sialylated receptors by promoting Gal-
1 mediated cross-linking of host and viral cell surface glycans
(70). Accordingly, human Gal-1 functional variants that display
higher Gal-1 expression levels show protection against influenza
infection (72).

Epstein-Barr Virus (EBV)

Patients with EBV-mediated lymphoproliferative disorders show
a characteristic T cell dysfunction. After the primary infection,
EBV can persist in a latent state in resting and proliferating
cells. EBV has three latency programs with distinct patterns of
latent gene expression. The most immunogenic form of EBV
latency, called type 3, is maintained in long-lived memory B
lymphocytes and type 3 latency is characterized by the expression
of several EBV nuclear antigens, two small RNAs and two
latent membrane proteins called LMP1 and LMP2 (73). It has
been demonstrated in vitro that LMP1 and LMP2 induce the
activation of Gal-1 transcription via AP-1 and PI3K/Akt cell
signaling pathways. Furthermore, it was found that addition of
recombinant Gal-1 induces apoptosis of EBV specific CD8+ T
cells and that apoptosis can be abrogated in the presence of Gal-1-
neutralizing antibodies. Therefore, overexpression of Gal-1 upon
EBV infection is thought to be a strategy of EBV-induced immune
evasion via Gal-1-mediated Th1 cell apoptosis. This may explain
why the EBV infection develops within a Th2-predominant
microenvironment (63).

Another in vitro study on EBV-associated nasopharyngeal
carcinomas has suggested a role for Gal-9 in favor of
infection. EBV-associated nasopharyngeal carcinoma produce
Gal-9 containing exosomes (74). These exosomes protect Gal-
9 from proteolytic cleavage and preserve its Tim-3 binding
capacity. Accordingly, it has been shown that these exosomes
induce the EBV-specific CD4+ T cell apoptosis via the
Tim-3/Gal9 pathway and that apoptosis can be inhibited
by neutralizing antibodies directed against the Tim-3-binding
domain of Gal-9. Such antibodies could be a promising route to
maintain CD4+ T cell survival (75).

Enterovirus 71 (EV71)

The non-enveloped EV71 has four capsid proteins (VP1 to VP4)
and four other non-structural proteins. Immunofluorescence and
immunoprecipitation studies revealed that host cellular Gal-
1 interacts with the virus in infected cells, particularly with
VP1 and VP3. Interestingly, the released virions are associated
with Gal-1, forming a Gal-1/virion complex. Thus, Gal-1 not
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only interacts with EV71 within the host cells but also with
released virions (76). Cell infectivity assays have shown that
the binding and infectivity of Gal-1-free virions is lower than
that of the Gal-1/virion complexes and this reduced infectivity
can be recovered by adding recombinant Gal-1. In addition,
mice infected with Gal-1-free virions display a high survival
rate with mild neuropathological symptoms while mice infected
by Gal-1/virion complexes have severe symptoms and a low
survival rate. Additionally, cell infectivity assays performed
under high and low temperatures revealed that EV71/Gal-1
complexes are more resistant than Gal-1-free virions against
thermal and environmental stress. Therefore, during infection
Gal-1 contributes to binding, infectivity, pathogenicity, and
stability of EV71. This may explain the high level of Gal-1 in the
serum from children with severe EV71 infection (76).

Gal-3 may also be involved in EV71 infection as an inducer
of virion release. Gal-3 deficient mice have reduced intracellular
viral load and viral release compared to wild-type mice 24h
after infection. Cell viability assays on EV71-infected wild-type
and Gal-3-deficient cells in the presence of apoptosis inhibitors
have suggested that Gal-3 induces the release of virions following
EV71-mediated apoptosis. However, Gal-3 impact on EV71 may
also depend on Gal-3 genetic variants. Indeed, cells expressing
the non-synonymous Gal-3 genetic variant called rs4644 (one
of the major Gal-3 single nucleotide polymorphism with minor
allele frequency) produce lower virus amounts compared to cells
expressing the wild-type allele. It would be interesting to address
the impact of Gal-3 variants on EV71 disease severity (77).

Nipah Virus

Nipah virus preferentially infects microvascular endothelial cells,
and cell entry is mediated by two envelope glycoproteins called
NiV-F and NiV-G. The NiV-G glycoprotein binds primarily to
host cell entry receptor ephrinB2 or alternatively ephrinB3 while
NiV-F mediates the fusion of bound virus with host cells (75).
The N-glycans of NiV-F are important modulators of cell fusion.
NiV-F and NiV-G are also expressed at the surface of infected
host cells and this can trigger host cell-to-cell fusion resulting
in endothelial syncytia formation and endothelial disruption
(78). In response to viral infection, endothelial cells produce
inflammatory mediators, including galectins (79).

Cell infectivity assays have shown that addition of
recombinant Gal-1 enhances cell attachment and subsequent
cell entry of the virus by bridging viral and host N-glycans.
Removal of viral/host N-glycans reduces the viral adherence
to host cells. Particularly, mutants lacking the N-glycans on
NiV-F3 (F3 is a specific N-glycosylated site on NiV-F) have
a significant reduction of Gal-1-mediated attachment. It has
also been shown that Gal-1 addition before infection increases
syncytia formation, but Gal-1 addition after the infection reduces
the progeny virus production and syncytia formation (79).
Mutants affecting NiV-F3 N-glycans were found to be resistant
against Gal-1 mediated promotion or inhibition of syncytia
formation. The increased syncytia formation by Gal-1 has
been suggested to be a consequence of amplified viral envelope
production by initially infected cells, which would increase the
availability of viral N-glycans at the surface of infected cells (79).

In a previous study, Garner et al. have proposed three different
ways for Gal-1 to inhibit syncytia formation: (i) by delaying
the maturation of NiV-E (ii) by reducing the lateral mobility
of NiV-F on the plasma membrane, and (iii) by abrogating the
conformational change of NiV-F required to stimulate the fusion
(78). Therefore, the effect of Gal-1 appears to depend on the
timing of Gal-1 exposure and on the positioning of N-glycans
on the NiV-F3 site (79). According to the model proposed
by Garner et al.,, these F3 N-glycans are positioned above the
fusion peptide and proximal to the target cell membrane. The
distance between the two CRDs of dimeric Gal-1 is too short to
link the F3 N-glycans of two F promoters on the same NiV-F
spike. Therefore, dimeric Gal-1 binds with N-glycans of NiV-F3
from different F spikes resulting in a network built by multiple
low-affinity glycan-galectin interactions and this network blocks
the triggering of fusion peptide (79). Based on this model, it has
been suggested that Gal-1 interaction with NiV-F on infected
cells enhances network formation and, thereby, blocks syncytia
formation. In contrary, when Gal-1 interacts with NiV-F on
virions, the network formation become less efficient, perhaps due
to the tightly packed envelope glycoproteins and consequently
Gal-1 bridges the virus to host cells. Binding to host cell receptors
triggers the fusion of F spikes when the virus particles are not
bound to Gal-1. In summary, Gal-1 acts in favor of the infection
at the initial stage of virus attachment while at later stage it may
reduce the viral progeny and syncytia formation (79).

BACTERIAL INFECTIONS

Numerous studies have reported the ability of galectins
to directly interact with bacterial surface glycans. Gram-
negative bacterial lipopolysaccharides (LPS) are major pathogen
associated molecular patterns and are well-known ligands for
Gal-3 [see (40) for a review]. LPS have three major components:
the hydrophobic lipid A which anchors LPS to the outer
membrane, the oligosaccharide part comprising the inner and
outer cores, and the O-antigen that is connected to lipid A
by the core oligosaccharides (80). Depending on the bacteria
and their particular LPS structure, Gal-3 mainly binds to B-
galactoside glycans from the outer core or the O-antigen.
Of note, the LPS from Salmonella minnesota which lacks
B-galactose residue, is bound by Gal-3 through its lipid A
(81). In contrast, Gram-positive bacterial cell walls contain
peptidoglycan, which is covered with teichoic and lipoteichoic
acids, which lack p-galactose residues. It was shown that galectins
can in this case bind hydrophobic ligands from such Gram-
positive bacteria (82, 83).

Salmonella spp.

Gal-3 interaction with LPS can act as a negative regulator
of LPS-induced endotoxic shock (84) [see (85) for a review].
This has also been observed with S. minnesota LPS. Exposure
of Gal-3-deficient mice to S. minnesota LPS induces higher
expression of IL-12, IL-6, TNFa, NO, and H,0; compared
to wild-type mice and this over-production of inflammatory
cytokines can be reduced when LPS is pre-incubated with Gal-3.
Gal-3-LPS interaction also prevents the downstream signaling of
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TLR4, as indicated by the reduced phosphorylation of JNK1/2,
ERK1/2, p38, and NF-kBp65. Thus, Gal-3-deficient mice are
more susceptible to LPS-induced endotoxic shock than wild-type
mice (86). However, exposure to LPS enhances the serum Gal-
3 level in wild-type mice, suggesting a possible involvement of
Gal-3 in a feedback regulation of LPS-mediated inflammatory
response. Indeed, the absence of Gal-3 skews the immune
response toward a Thl response, which is associated with high
production of bactericidal reactive oxygen species. Hence, it is
thought that Gal-3 favors the early stages of Salmonella infection
by acting as a negative regulator of endotoxic shock (86).

Listeria monocytogenes

A study done to evaluate the role of Gal-3 during Shigella,
Salmonella, and Listeria infections has shown that Gal-3 is
rapidly recruited at the site of the lysed vacuoles where Gal-3
interacts with p-galactose-bearing glycoconjugates. Thus, Gal-
3 has been proposed to be a marker of vacuole lysis by
pathogens (87). Weng et al. have reported that Gal-3 interferes
with the bacterial clearance by reducing NO production by
macrophages during L. monocytogenes infection (88). This study
has also clarified the importance of Gal-3 accumulation at L.
monocytogenes-containing phagosomes (89). The bacteria have
a poorer level of intracellular replication and survival in Gal-3
deficient cells compared to wild-type cells, and the intracellular
bacterial count in Gal-3 deficient cells can be further reduced by
adding autophagy inhibitors. Hence, Gal-3 interference with the
autophagy process is exploited to favor infection (89).

Gal-8 is known to promote antibacterial autophagy by binding
glycans exposed on damaged vacuolar membranes (37, 89). It
has been shown that Gal-8/Gal-3-double deficient cells display
a significantly lower bacterial replication than Gal-8-deficient
cells. This result emphasizes the ability of Gal-3 to suppress
autophagy, independently of Gal-8 (89). However, when complex
N-glycans are depleted from these two types of cells, the bacterial
replication is significantly reduced only in Gal-8-deficient cells
compared to cells without N-glycan depletion. Thus, N-glycans
are essential for autophagy suppression mediated by Gal-3 and,
instead of being a competitor of Gal-8 for N-glycans, Gal-
3 appears to actively participate to the down regulation of
antibacterial autophagy (89).

Neisseria meningitidis

Immunohistochemical analysis of tissues infected by N.
meningitidis have shown that the bacterial colonies in infected
tissues co-localize with Gal-3 and also elevate the expression
of Gal-3. The interaction of bacteria with Gal-3 appears to be
primarily mediated by the bacterial LPS, as demonstrated by
the decreased Gal-3 binding of bacteria in LPS mutants or in
presence of lactose. Meningococcal strains that harbor LPS
immunotypes with terminal LacNAc residues interact well with
Gal-3. Addition of recombinant Gal-3 facilitates the adhesion
of bacteria to macrophages and monocytes, but not to epithelial
cells. However, Gal-3 deficiency does not affect meningococcal
phagocytosis, suggesting that only soluble Gal-3 is involved in
the enhancement of the infection depending on the cell type (82).

Based on the fact that neither lactose nor mutations of LPS are
able to completely inhibit Gal-3 binding to bacteria, other authors
have suggested that Gal-3 may bind the bacteria independently of
the LPS (82, 90). This was supported by the successful binding
of lactose-liganded recombinant Gal-3 to bacteria. However,
lactose-liganded Gal-3 binding was reduced when bacterial
mutants lacking pilins (PilE or PilQ) were used. Experimental
evidence and molecular modeling have suggested that Gal-3
may be involved in a complex tripartite interaction connecting
the host cell non-integrin laminin receptor, the meningococcal
secretin PilQ and the major pilin PilE. It has also been shown
that the reduced bacterial invasion observed in Gal-3-deficient
cells could be restored by Gal-3 transfection, suggesting a role for
intracellular Gal-3 during infection. Further work is required to
clarify the actual role of the LPS-independent Gal-3-binding in
bacterial invasion (90).

Porphyromonas gingivalis

During P. gingivalis infection, in vitro association and invasion
assays have shown that addition of Gal-1, but not of Gal-3,
enhances bacterial adhesion and invasion in gingival epithelial
cells. Nevertheless, in vitro Gal-1 or Gal-3 deficiency had no effect
on bacterial adhesion and invasion. Therefore, enhancement
of P. gingivalis infection by Gal-1 appears to be mediated by
soluble Gal-1, but not cellular Gal-1 (91). P. gingivalis fimbriae
is known to promote adhesion and invasion by interacting with
B1-integrin (92). Interestingly, Gal-1 has the ability to interact
with both bacterial LPS and B1-integrin. Therefore, during P.
gingivalis infection soluble Gal-1 may enhance infection by
linking microbial glycans to the oligosaccharide chains of B1-
integrin (91, 93).

Group A Streptococcus (GAS)

GAS are well-known extracellular pathogens, yet they are able
to persist within non-immune as well as immune cells (94).
They can trigger their internalization into non-phagocytic cells
such as epithelial and endothelial cells (95, 96). Utilizing cells
for cytosolic replication enables the bacteria to avoid antibiotics
and immune-mediated killing (96, 97). Unlike endothelial cells,
GAS are efficiently killed in epithelial cells within lysosome-fused
autophagosomes. In endothelial cells, the autophagy-mediated
killing is insufficient to completely eliminate the bacteria. This
allows the bacteria to persist and replicate. The difference in the
autophagy-mediated killing by these two cell types resides on the
differential expression of Gal-3 and Gal-8. Immunofluorescence
imaging has shown that Gal-3 and Gal-8 are recruited toward
GAS without changing the intracellular expression of Gal-
3 and Gal-8-encoding genes. Interestingly, endothelial cells
recruit more Gal-3 while epithelial cells recruit more Gal-8
(97). Ubiquitination is a post-translational modification required
for autophagy. During anti-bacterial autophagy, parkin is an
important protein which directs the ubiquitin recruitment
to the surface of the pathogen and of pathogen-containing
vesicles. Experiments conducted with infected Gal-3-deficient
cells revealed that the lack of Gal-3 enhances the recruitment of
ubiquitin, parkin and Gal-8 as well as increases the interaction
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of parkin with Gal-8 (97). Further analyses revealed that Gal-
3 attenuates the recruitment of Gal-8, parkin and ubiquitin to
GAS. Consequently, Gal-3-deficient mice have less severe GAS-
induced skin damage and reduced bacterial replication than
the wild-type mice. This outlines the importance of the Gal-
8/parkin interaction for ubiquitin recruitment and the ability
of Gal-3 to inhibit Gal-8/Parkin-mediated ubiquitination. Thus,
it appears that Gal-3 attenuates the ubiquitination of GAS and
GAS-containing vacuoles in endothelial cells where Gal-3 is more
abundant, thereby interfering with autophagy-mediated killing of
bacteria (97). Of note, the ability of Gal-3 to block the recruitment
of parkin and ubiquitin may also explain the Gal-3-mediated
autophagy suppression observed in L. monocytogenes (88, 97).

Helicobacter pylori

H. pylori harbors an O-antigen side chain composed of a
glucosylated LacNAc backbone (98). Gal-3 has been found
to mediate H. pylori O-antigen adhesion to gastric epithelial
cells. The interaction between Gal-3 and O-antigen occurs in
a carbohydrate dependent manner as indicated by the reduced
adherence of O-antigen side chain mutants or by addition of
lactose. Accordingly, it has been demonstrated that in vitro Gal-3
transfection into Gal-3-deficient cells restores bacterial adhesion.
The bacteria also induce the expression and secretion of Gal-3
upon infection (99, 100). Interestingly, mutants lacking cytotoxin
antigen A or inhibition of MAPK cell signaling reduce Gal-
3 expression (99, 100). However, Subhash et al. have reported
that extracellular Gal-3 decreases bacterial adherence to the
cells and reduces apoptosis of infected cells (100). In line
with this finding, in vivo experiments have also shown that
H. pylori can successfully colonize the gastric glands of both
wild-type and Gal-3-deficient mice models, but with a higher
bacterial load in Gal-3-deficient mice (101). H. pylori regulates
multiple signaling pathways including MAPK by CagA-mediated
mechanisms to modulate cell proliferation and apoptosis (102).
Because Gal-3 plays many roles in cancer (103), understanding
the interplay between Gal-3, CagA and development of H. pylori
mediated gastric carcinogenesis is important to develop proper
remedies (104).

Moreover, H. pylori induces autophagy in gastric epithelial
cells by expressing vacuolating cytotoxin A (VacA) to limit
toxin-induced cell damage. However, extended exposure to VacA
suppresses autophagy to prevent maturation of autolysosome
to ensure intracellular survival and persistence of the bacteria.
Therefore, the dynamic balance between formation and
suppression of autophagosomes is critical for bacterial survival
(105). In gastric epithelial cells, H. pylori infection induces
lysosomal damage. Gal-8 recognizes exposed vacuolar host O-
glycans in damaged lysosomes. Accumulation of Gal-8 triggers
the formation of intracellular Gal-8 aggregates, which colocalize
with damaged lysosomes as well as with autophagosomes (106).
It has been shown that Gal-8 deficiency reduces the activation
of bacteria-mediated autophagy, possibly via the resulting
dysfunction of ubiquitination (97, 106). Therefore, Gal-8 also
seems to be important for H. pylori survival by participating to
autophagy vesicle formation (105, 106).

Pseudomonas aeruginosa

Studies of mice corneas infected with P. aeruginosa have
revealed that bacterial infection down-regulates expression of
Gal-3 and up-regulates that of Gal-7, Gal-8, and Gal-9. The
functions of these galectins during infection are not clearly
defined (107). Nevertheless, Gal-3 has been shown to interact
with bacterial LPS, particularly with the outer core region. In
addition, antibodies directed against bacterial LPS or Gal-3
significantly reduce bacterial binding to mouse cornea. Hence,
Gal-3 interaction with LPS appears to be crucial for bacterial
interaction with the corneal epithelium (108).

Klebsiella pneumoniae

During K. pneumoniae infection, IL-17A plays a crucial role in
host defense against the infection (109). IL-17A is produced by
Th17 cells which are also susceptible to Gal-9/Tim-3-mediated
cell apoptosis. Accordingly, it has been shown that injection
of Gal-9 to K. pneumoniae-infected mice reduces the cytokine
secretion by Thl and Th17 cells and also inhibits the up-
regulation of G-CSF (granulocyte-colony stimulating factor) and
MIP-2 (Macrophage Inflammatory Protein 2), which are crucial
for neutrophil differentiation (110). Thus, injection of Gal-9 to
infected mice reduces bacterial clearance, resulting in a lower
survival rate than the control group without Gal-9 treatment.
Collectively, these findings suggest that Gal-9/Tim-3-mediated
apoptosis of Th1 and Th17 cells act as a negative regulator of host
defense mechanism against K. pneumoniae (110).

Proteus mirabilis

Among different types of fimbriae expressed by P. mirabilis, the
non-agglutinating fimbriae which are important for adherence
to uroepithelial cells (111), have been found to interact with
Gal-3 (112). Indeed, it was shown that bacteria binding to
MDCK cells could be prevented by the presence of anti-Gal-3
antibodies (112). Given the ability of non-agglutinating fimbriae
to interact with glycolipids, including asialo-GM1, -GM2 and
lactosyl ceramide in vitro (113), it is possible that Gal-3 facilitates
such interactions and thereby mediates bacterial adherence to
host cell receptors (112).

Yersinia enterocolitica

Y. enterocolitica infection induces Gal-1 expression in the Peyer’s
patches and the spleen. The modulation of Gal-1 is dependent
on two of Yersinia outer proteins (Yops), YopP, or YopH, since
YopP and YopH mutants are associated with reduced Gal-1
expression in vivo (114). During Y. enterocolitica infection, YopP
suppresses pro-inflammatory signaling pathways while YopH
inhibits phagocytosis by dephosphorylating adaptors of cell
signaling pathways (115). Gal-1 up-regulation is also dependent
on MAPK cell signaling, since the induction of Gal-1 can
be abolished by disturbing the MAPK cell signaling cascade.
Interestingly, in vivo Gal-1 deficiency was shown to be associated
with a high survival rate through enhanced proinflammatory
response as revealed by increased expression of TNFa, NO, NF-
kB activation, IFN-y, and IL-17. Thus, there is an interplay
between the Yops, Gal-1 and MAPK cell signaling cascade
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that controls innate immunity resulting in mitigated mucosal
proinflammatory responses (114).

Chlamydia trachomatis

The high mannose N-glycans carried by high molecular weight
(MW) C. trachomatis glycoproteins are well-known for their
role in bacterial attachment and infectivity, as indicated by
the reduced infectivity of N-glycanase-treated bacteria (116). A
recent study has highlighted that LacNAc-containing low MW
glycoproteins (<55 kDa) are also important determinants of
infection by their ability to facilitate Gal-1 mediated host/bacteria
interactions. Lectin blotting has shown that Gal-1 preferentially
binds these low MW glycoproteins, but not the high MW
glycoproteins due to their 02,6 sialylation. Western blots and
immunofluorescence imaging of infected cells show that Gal-
1 expression is upregulated upon infection, and its subcellular
distribution is changed (117). In vivo and in vitro assays
have revealed that the addition of recombinant Gal-1 enhances
bacterial adherence as well as invasion. Interestingly, the complex
N-glycans on the host cells enhance infectivity by interacting
with Gal-1. Indeed, it was shown that the absence of complex
p1,6 branched N-glycans on host cell surface was sufficient
to decrease infectivity. These results suggest that homodimeric
Gal-1 bridges the bacterial low MW glycoproteins to the
host cell complex N-glycans and thereby facilitates bacterial
adherence and internalization. Additionally, it was found that
Gal-1 colocalizes with both PDGFRP and B;/ayf3 integrins
and inhibition of these two integrins significantly reduces the
bacterial infection promoted by Gal-1. Thus, it appears that
integrins are also involved in the Gal-1-mediated enhancement
of infection (117).

PARASITIC INFECTION

A parasite life cycle typically involves different stages with distinct
composition, exposure and availability of the glycoconjugates.
Such changes allow the parasite to adapt and survive in the
specific environments relevant to each stage. Some parasites
harness galectin binding to their glycoconjugates to facilitate
infection in different ways at different stages of their life
cycle (118).

Trypanosoma cruzi

T. cruzi, the causative agent of Chagas disease, expresses surface
O- and N-glycoconjugates with terminal p-galactose residues
capped with sialic acid (119). T. cruzi is present in different
forms in its insect vector and in mammals. In mammals,
trypomastigotes can infect different cell types and once inside
the cells, they differentiate into amastigotes. By contrast, inside
the insect gut, trypomastigotes differentiate into epimastigotes.
Later, epimastigotes differentiate into metacyclic trypomastigotes
which initiate the infection in mammals (120).

Galectin-binding assays have shown that T. cruzi has affinity
for Gal-1, -3, -4, -7, and -8. Remarkably, galectins preferentially
bind the infective forms, i.e., amastigotes and trypomastigotes,
which are more efficiently recognized by host cells than the
non-infective epimastigotes (118). In vitro exogeneous addition

of Gal-3 enhances trypanosome binding to host cells (121)
and binding to laminin-coated wells (122). In line with these
observations, it has been shown that Gal-3 inhibitors interfere
with T. cruzi invasion in vitro (123). Gal-7, the main galectin
expressed on skin and stratified epithelia, binds epimastigotes
and increases the infection in vitro. In addition, it has been
found that trypomastigotes have a lower binding efficiency to
Gal-8-deficient cells. Collectively, these observations suggest
that galectin-mediated interactions promote the adhesion of the
infective form to their target cells (118). At the same time, Gal-1
has been shown to prevent T. cruzi infection as well as further
damages on cardiac cells (124). The persistence of T. cruzi in
cardiac tissues causes chronic myocarditis and remodeling of
the cardiac matrix. The parasitic burden and intensity of Chagas
heart disease vary with different T. cruzi genotypes. Evaluation
of Chagas heart disease in mice caused by different T. cruzi
genotypes has shown that the expression of pro-collagen-1 and
Gal-3 are correlated to fibrosis, parasitemia, and parasitic burden.
Therefore, Gal-3 is thought to be associated to the remodeling
of the cardiac extracellular matrix and thus to the severity of the
Chagas heart disease (125). Using Gal-3-deficient mice, it was
found that Gal-3 controls parasitic burden and tissue damage
differently in acute and chronic phases (126). Even though its
role in T. cruzi infection is still far from understood, Gal-3
is considered to favor Chagas disease particularly at the early
stages (125-127). Collectively, the different observations
suggest that galectins play a multi-faceted role during
T. cruzi infection.

Trichomonas vaginalis
T. vaginalis is an obligatory extracellular pathogen whose
adherence to cervicovaginal epithelial cells is critical to its
survival (128). T. vaginalis expresses surface lipophosphoglycans
(LPGs) which are composed of a ceramide phosphoinositol
glycan core containing abundant LacNAc repeats (129). In vitro,
LPGs mediate T. vaginalis cytotoxicity and adherence. However,
the adherence of T. vaginalis is not mediated solely by LPGs and
it also involves galectins (130). Indeed, galectin-binding assays
have shown that T. vaginalis binds to Gal-1 and the binding
can be drastically decreased in the presence of lactose or with
LPG mutants. Moreover, in vitro exogenously addition of Gal-
1 increases parasite adherence while Gal-1-deficient cells are
characterized by decreased parasite binding (131).

Cell infection assays in the presence of different Gal-1 or Gal-
3 concentrations, have shown that the parasite regulates Gal-
1 level differently based on the soluble Gal-1 concentration,
but predominantly down regulates Gal-3. Moreover, elevated
Gal-1 was found to be associated with the suppression of
chemokines important to eliminate extracellular protozoa (e.g.,
IL-8, MIP-30) while Gal-3 appears to play an opposite role (132).
Interestingly, Gal-1 also stimulates chemokine expression, which
in turn enhances Gal-3 production. The absence of Gal-1 results
in a higher proinflammatory response, while the lack of Gal-3
suppresses the inflammation. Therefore, it seems that the parasite
takes advantage of Gal-1 and Gal-3 to modulate host immune
responses (132).
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Plasmodium spp.

During experimental cerebral malaria caused by P. berghei
ANKA, moribund mice display a significantly higher Gal-
3 expression in brain tissue samples than non-moribund
mice. Moreover, Gal-3 deficient mice had a 50% reduction
in development of cerebral malaria compared to wild-type.
However, adherence assays have shown that this reduction was
independent of Gal-3 binding to P. berghei. Therefore, Gal-3
appears to favor Plasmodium infection by other means than
promoting adherence (133). It was also found that Gal-3 displays
a species-specific impact on parasitaemia and antibody-mediated
responses. Indeed, Gal-3 deficiency results a significant reduction
and minor increase, respectively, for P. yoelii and P. chabaudi.
In the case of P. yoelii, the reduction of parasitemia in Gal-
3-deficient mice was found to be associated to an increase in
anti-IgG against P. yoelii merozoite surface protein 119 (134).
Thus, Gal-3 may favor infection by modulating the production
of cytophilic IgG in a species-specific manner.

Leishmania donovani

During visceral leishmaniasis, the number of T cells increases
in liver and spleen. As a result, Gal-1 gene expression increases
in liver and spleen upon infection. Under these circumstances,
regulatory T cells (Tr1) express more Gal-1 than Th1 cells, but the
latter have a higher cell count. Interestingly, it has been found that
during the acute phase of infection, Gal-1-deficient mice have a
significantly decreased parasitic load and an increased count of
pro-inflammatory cytokine-producing CD4+ T cells in the liver
compared to infected wild-type mice. Therefore, Gal-1 appears to
restrict CD4+ T cell response during acute hepatic L. donovani
infection and thereby may limit anti-parasitic immune response
by T cell apoptosis (135).

FUNGAL INFECTIONS

Galectins can recognize the surface glycans of fungi (40). In
particular Gal-3 has been shown to exert both fungicidal and
fungistatic effects (40, 136). However, some fungi have evolved
strategies to utilize Gal-3 to favor infection (136). Interestingly,
Gal-3 can associate with dectin-1, a C-type lectin on host cells
that mediates direct fungal uptake by recognizing fungal cell wall
pB-1,3-glucan (40).

Candida spp.

Both macrophages and neutrophils have the ability to phagocyte
Candida spp. (137, 138) and Gal-3 is involved in phagocytosis
of Candida spp. by neutrophils. The efficacy of phagocytosis
by neutrophils varies with the fungal species and the biological
phases. For example, C. albicans hyphae and C. parapsilosis
yeast are more effectively phagocytized by neutrophils than C.
albicans yeast. This observation was further confirmed by the
inability of neutrophils to phagocyte C. albicans hyphae and C.
parapsilosis, but not C. albicans yeast, in the presence of Gal-
3 blocking agents (138). However, challenging the protective
role of Gal-3 against C. albicans yeast infection, in vivo Gal-3
deficiency was shown to enhance the fungicidal activity against
systemic C. albicans infection by increasing the production of

reactive oxygen species (ROS). Mechanistically, it was shown
that cytosolic Gal-3 interferes with complement receptor-3 (CR3)
downstream signaling. Evaluation of ROS production by Gal-
3-deficient neutrophils and CR3-deficient neutrophils revealed
that ROS production in CR3-deficient neutrophils is low while
it is high in Gal-3-deficient neutrophils. Other experiments
have confirmed that Gal-3 directly interacts with spleen tyrosine
kinase protein (Syk) upon Candida infection and Syk inhibitors
reduce ROS production by neutrophils. Thus, Gal-3 favors C.
albicans by negatively regulating CR3 downstream Syk-mediated
ROS production (139). However, Linden et al. showed that Gal-3
deficiency reduces the survival of mice infected with C. albicans
but not C. parapsilosis (140). These divergent observations may
be the result of different inoculum size, experimental settings and
other in vivo factors (139, 140).

Histoplasma capsulatum

H. capsulatum is an opportunistic pathogen, which resides
in macrophages phagolysosomes (141). Both Thl and Th17
responses play a crucial role in clearing this fungal infection
(142). Comparative analysis of cytokine production by bone
marrow-derived dendritic cells from wild-type and Gal-3-
deficient mice revealed that the lack of Gal-3 enhances
the expression of TGF-B1 and IL-23, suggesting that Gal-3
downregulates Th17 response. Accordingly, it has been shown
that Gal-3-deficient mice infected with H. capsulatum have
a reduced fungal burden compared to wild-type mice (17).
Moreover, Gal-3-deficient mice produce more Th1l7 cytokines
but less Thl cytokines than wild-type mice. Upon infection,
IL-17A production by both Gal-3-deficient and wild-type
neutrophils is higher than that of CD4+ T cells and is increased
by the addition of recombinant IL-23. Therefore, it appears
that high levels of IL-23 in Gal-3-deficient mice trigger the
production of IL-17 by neutrophils and thereby enhance Th17
responses. In line with this, it was shown that Gal-3 expression
by dendritic cells inhibits the production of IL-23/IL17-A
in response to H. capsulatum infection and thereby reduces
fungal clearance (17).

GALECTINS FROM THE PATHOGEN OR
FROM THE PATHOGEN’S VECTOR

Mammals are not the sole producers of galectins. Indeed,
galectins and galectin-like molecules have been found in chicken,
insects, fungi, nematodes, amphibians, eel, sea urchins, fish, and
sponges (143-145). While some pathogens exploit the galectins
from their vector, some use self-produced galectins to favor of
the infection (146, 147).

Leishmania spp.

Leishmania species are responsible of a wide spectrum of diseases
in humans. They are transmitted via insect vectors such as
the sand fly Phlebotomus papatasi. Attachment of Leishmania
promastigotes to the mid gut of the sand fly is essential for the
completion of the parasitic cycle and this binding is mediated by
a tandem repeat galectin of P. papatasi called PpGalec. PpGalec is
expressed in the midgut and interacts with lipophosphoglycan,
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TABLE 1 | Host galectin mediated interactions that favor infection; a detailed table is available as supplementary.

Pathogen Host cell type(s) involved in galectin targeting Galectin(s) favoring pathogen infection References
HIV-1 T cells Gal-1 (46, 48)
Gal-3 (50)
Gal-9 (53)
HTLV-1 T cells Gal-1 (56)
Gal-3 (57)
HSV-1 T cells lacking sialylated cell surface glycoproteins Gal-1 (60)
Corneal keratinocytes Gal-3 (65)
CD8+ T cell Gal-9 (66)
Influenza Alveolar epithelial cells Gal-1 and -8 (69)
EBV CD8+ T cells Gal-1 (63)
Th1 CD4+ cells Gal-9 (75)
EV71 Targets cells in different tissues Gal-1 (76)
Gal-3 (77)
Nipah Endothelial cells Gal-1 (79)
Salmonella spp. Macrophages Gal-3 (86)
L. monocytogenes Macrophages Gal-3 (88, 89)
N. meningitidis Phagocytic cells: macrophages, monocytes Gal-3 (82, 90)
P, gingivalis Gingival epithelial cells Gal-1 91)
Group A Streptococcus Endothelial cells Gal-3 97)
H. pylori Gastric epithelial cells Gal-3 (99)
Gal-8 (106)
P, aeruginosa Corneal epithelial cells Gal-3 (108)
K. pneumoniae Th1 and Th17 cells Gal-9 (110)
P mirabilis Uroepithelial cells Gal-3 (112)
Y. enterocolitica Cells in spleen and Peyer’s patches Gal-3 (114)
C. trachomatis Cervical epithelial cells Gal-1 (117)
T. cruzi Different cells vulnerable for infection Gal-3 (121, 122)
Gal-7 and -8 (118)
T. vaginalis Vaginal epithelial cells Gal-1 (132)
Plasmodium spp. Red blood cells Gal-3 (1383, 134)
L. donovani CD4+ T cells Gal-3 (135)
C. albicans Neutrophils Gal-3 (139)
H. capsulatum Dendritic cells Gal-3 (17)

the main surface glycoconjugate of Leishmania promastigotes

(146, 148).

Haemonchus contortus

H. contortus, a gastrointestinal parasitic nematode of small
ruminants, produces a tandem repeat galectin called Hco-
gal. The N- and C-terminal CRDs of Hco-gal bind to
goat peripheral blood mononuclear cells. The transmembrane
receptors TMEM63A and TMEM147 were found to be receptors,
respectively, for the N- and C-terminal CRDs of Hco-gal
(149). The Hco-gal C-terminal CRD is more effective than
the N-terminal one in inducing cell apoptosis, inhibiting cell
proliferation and suppressing IFN-y transcription, but the N-
terminal CRD is more potent in inhibiting NO production.
This functional difference between N- and C- terminal CRDs
could be a result of their receptor binding specificities.
Collectively it is thought that Hco-gal contributes to the

parasitic immune evasion by altering cellular activities including
cytokine production (149).

Trichinella spiralis

T. spiralis is a zoonotic nematode that produces a tandem repeat
type galectin, Tsgal, which can be found at all developmental
stages of the parasite. Tsgal has an hemagglutination function and
can also bind intestinal epithelial cells at sites that are located on
the membrane and in the cytoplasm to promote larval invasion
of intestinal epithelium at the early stage of infection (150).

Dirofilaria immitis

D. immitis, is a parasitic nemetode commonly known as
heartworm. It expresses a galectin that acts as a physiological
plasminogen receptor which alters the fibrinolytic balance.
Thus, this galectin promotes plasmin production to
prevent clot formation in its surrounding environment
(151). Additionally, interfering the host fibrinolytic system

Frontiers in Immunology | www.frontiersin.org

11

August 2020 | Volume 11 | Article 1877


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Ayona et al.

Galectins and Infection

assists the long term persistence of the parasite resulting in
chronic infection (152).

Coronaviruses

Some coronaviruses S glycoprotein spike proteins have
N-terminal domains (NTD) that show similarities to the
structural fold of galectins. Carbohydrate or protein moieties
are usually the binding receptors of such NTDs (153, 154).
For example, NTDs of human coronavirus OC43 and
bovine coronavirus have sugar-binding sites structurally
similar to human galectins and recognize cell surface 9-O-
acetyl-sialic acid for attachment (154). Instead, NTDs from
murine coronavirus binds to carcinoembryonic antigen-
related cell adhesion molecules which are important for cell
entry as a surface attachment factor. It has been suggested
that these galectin-like domains may be important for
attachment to host cells and also for zoonotic transmission
(153, 154).

CONCLUSIONS AND FUTURE PROSPECT

Galectins are ubiquitous molecules which have a broad spectrum
of binding partners and functions. This functional diversity may
explain why some pathogens have evolved strategies to exploit
galectins to favor infection. Among the different mammalian
galectins, Gal-1, -3, and -9 have a significant role in the
modulation of the immune response. Their abundance and
secretion by target and infected cells probably explains why
these three galectins appear more involved in infections than
other galectins (28, 40) (Table 1 and Supplementary Table 1).
The promotion of viral infections appears restricted to these
three galectins, most probably because of the reduced diversity
of viral glycoconjugates compared to that of other pathogens.
Interestingly, galectins can exert positive or negative effects
on the same infection. The relative abundance of these three
galectins is also crucial for the establishment of infection.
Generally, Gal-1 and Gal-3 increase adherence as well as
immune evasion while the contribution of Gal-9 is mostly
restricted to immune evasion. Gal-3 appears more often involved
in different infections than the other two galectins, perhaps
due to its unique structure. Independent of carbohydrate
recognition, the N-terminal extension allows Gal-3 to interact
with different cellular proteins such as ESCRT-associated
protein Alix. Gal-3 can also oligomerize via its N-terminal
as well as C-terminal extensions. In addition, because Gal-
3 primarily interacts with internal LacNAc motifs, «-2,6
sialylation of terminal glycans does not abolish binding by
Gal-3 (22, 155).

Gal-3 is associated with a high proinflammatory cytokine
production (156-158) and leukocyte recruitment (159) and
thus is believed to have a predominant proinflammatory
function. Additionally, Gal-3 suppresses Th17 response (e.g., H.
capsulatum), NO production (e.g., C. albicans), and autophagy

(e.g., Group A Streptococcus). Hence, Gal-3 impact on Th1, Th2,
and Th17 immune response balance is a critical determinant of
infection progression. However, the impact of Gal-3 as a pro-
inflammation modulator can vary based on the involvement of
T cell apoptosis mediated by Gal-1 and Tim-3/Gal-9. Because
sialylated glycans protect Th2 cells from galectin-mediated
apoptosis, it would be interesting to assess how sialylation of
glycans from the pathogen (e.g., T. cruzi) may be involved in
distorting the Th1/Th2 balance via galectin-pathogen glycan-
mediated interaction.

Through different mechanisms, the same galectin can exert
both positive and negative effects on the infection by the same
pathogen. This differential regulation is sometimes driven by
the phase of the infection or the parasitic stage (e.g., cell
entry, cell fusion, chronic and acute infection) as observed
during the infections by Nipah virus and T. cruzi, respectively.
The ability of a galectin to form oligomers, its secretion and
localization at the site of infection, its polymorphism, and the
genus/species of the pathogen are other factors which can also
favor infection.

In summary, a deep understanding of the details of galectin-
pathogen interactions is required to better combat pathogens
and to avoid treatments which may turn protective galectin-
mediated mechanisms into promotion of infection. Given their
multiple roles in infectious diseases, galectins have emerged
as a modern drug target against a broad range of infections.
While galectin-mediated therapeutics are currently limited,
many galectin-targeting drugs are under development (160).
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