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Abstract: Galectins are small proteins with pleiotropic functions, which depend on both their lectin
(glycan recognition) and non-lectin (recognition of other biomolecules besides glycans) interactions.
Currently, 15 members of this family have been described in mammals, each with its structural
and ligand recognition particularities. The galectin/ligand interaction translates into a plethora of
biological functions that are particular for each cell/tissue type. In this sense, the cells of the immune
system are highly sensitive to the action of these small and essential proteins. While galectins play
central roles in tumor progression, they are also excellent negative regulators (checkpoints) of the
immune cell functions, participating in the creation of a microenvironment that promotes tumor
escape. This review aims to give an updated view on how galectins control the tumor’s immune attack
depending on the tumor microenvironment, because determining which galectins are essential and
the role they play will help to develop future clinical trials and benefit patients with incurable cancer.
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1. Introduction

Worldwide, cancer is a major public health problem. It has become the leading cause of death
in developed countries, while it shows a continuous progression in developing countries [1]. It is,
therefore, essential to understand the molecular processes involved in the emergence, amplification,
and potential therapeutic regression of transformed cells.

The immune system participates in each of the three aforementioned stages that determine
the final result of the disease. On the basis of epidemiological studies in immunodeficient patients,
plentiful evidence supports the effectiveness of the immune system to eliminate transformed cells,
even if they belong to the body itself. The most studied case is that of immunosuppressive
treatments after transplants, where the development of cancer is much more frequent than in
healthy subjects [2,3]. Moreover, the active role of the immune system controlling tumors is also
supported by clinical observations that correlate spontaneous tumor regression with autoimmunity
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(i.e., melanoma regression in the context of vitiligo; one of its initial descriptions by [4]). Moreover,
various experimental models support the concept of cancer immunoediting, in which the immune
pressure shapes tumor immunogenicity [5]. Altogether, evidence indicates that the immune system
does not ignore transformed cells and participates in the elimination of tumors. Tumor immune attack
occurs very efficiently at the early stages of cell transformation, in which the tumor burden is minimal
and probably with a high frequency during the life of an individual.

However, in some cases, transformed cells bypass immune recognition and prevent rejection.
If this occurs, tumors enter the immune escape phase, being much less immunogenic [6]. Various
mechanisms are involved in this escape phase. First, intrinsic tumor changes are required, such as a
reduced expression of biomolecules involved in immune recognition (major histocompatibility complex,
co-stimulation, and so on). The accumulation of metabolic and immunosuppressive factors in the
tumor microenvironment is also observed, including indoleamine-2,3-dioxygenase (IDO), arginase, or
TGFβ1, among other soluble factors. Second, tumors activate immune checkpoints (ICPs) as an effective
means to deactivate immune rejection (Figure 1). In fact, under normal physiological conditions,
ICPs are crucial for the maintenance of self-tolerance (the prevention of autoimmunity), as well as to
protect tissues from damage when the immune system is responding to pathogenic infection (Figure 1).
Tumors deregulate these same molecular pathways as a critical immune escape mechanism.
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Figure 1. Immune checkpoints in the tumor microenvironment. This figure presents the main
immune checkpoints, as membrane-expressed molecules, regulating the immune response in the tumor
microenvironment. These immune checkpoints could have activating or inhibiting actions on natural
killer cells (NK) or T-cells, influencing the innate or adaptative immunity.
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Targeting ICP by inhibitory immune checkpoint molecules has dramatically changed treatment
paradigms in medical oncology. In clinics, ICP blocking releases the potential of the antitumor immune
response, thereby transforming the therapy of human cancer. Among them, PD-1 (also known as
CD279) interacting with PD-L1 (B7-H1 or CD274) or PD-L2 (B7-DC, CD273), and CTLA-4 (also known
as CD152) interacting with CD80 (B7.1) or CD86 (B7.2), are two molecular axes extensively tested in
clinical trials. Their extensive evaluation is supported by our current knowledge on the implicated
signaling cascades, their expression kinetics, their favorite cell targets, and the anatomical location
for their optimal function [7]. However, clinical results on the intervention in these molecular axes
(antibody-mediated blockade) have shown partial results [8,9], and some cancers like prostate cancer
(PCa) are refractory diseases. Altogether, it demonstrates the need to explore other negative checkpoints.
Among them, B7-H3 (CD276); lymphocyte activation gene 3 (LAG-3, CD223); T cell immunoglobulin
and mucin-3 (TIM-3); KIR molecules in natural killer (NK) cells; V-domain Ig-containing suppressor
of T cell activation (VISTA); the T cell ITIM domain (TIGIT); CD112R; CD39; CD73; and adenosine
A2A receptor are alternative targets to be taken into account (reviewed in depth elsewhere [10–12])
(Figure 1).

Currently, each of these types of interactions is being investigated. It is interesting to highlight
that, along with the axis PD-1/PD-L1 y CTLA-4/B7, these negative ICPs act on various stages of the
anti-tumor response, including activation and proliferation in secondary lymphoid tissues, lymphocyte
trafficking to sites of antigen expression, the execution of direct effector functions, the provision of
help for immune cells (through cytokines and membrane ligands), the metabolic control at the clonal
expansion and effector phases, the induction of a deactivated/exhausted state in lymphocytes, the
functional promotion of regulatory T cells, the activation of innate cells that has an indirect effect on
adaptive immune responses, and finally the regulation of antibody production by B lymphocytes.
Most of these actions are performed through receptor-mediated intracellular signaling in lymphocytes.
However, there are some effects described as occurring through “signaling independent ways”, as in
the case of CTLA-4, which depletes CD80 and CD86 from the antigen-presenting cells and therefore
has an impact on antigen presentation [13]. The use of blocking antibodies may prevent both types of
immune checkpoint actions.

In this review, we propose that galectins (Gals) are additional negative checkpoints of the immune
response in the context of a tumor microenvironment for various reasons. First, their production is
differential between physiological tissues and tumors [14,15]. Second, Gals can modulate anti-tumor
immune responses by inducing T cell death [16], the functional deactivation of lymphocytes [17–19],
the activation of suppressor mechanisms [20–22], and/or the induction of regulatory dendritic cells [23]
that in situ sense the tumor and transport such information toward the draining lymph nodes to
prime the anti-tumor immune response. However, not only adaptive immunity is regulated by
Gals. It has been reported that polymorphonuclear neutrophils [24], macrophages and myeloid
cells [25–27], NK cells [28–30], B cells [31,32], endothelial cells [33], and platelets [34], among other
cells, may be the target of functional modulation by Gals. Regulation on innate cells contributes in
situ to create a microenvironment permissible for tumor growth. Most of these biological effects are
mediated by the interaction of Gals with their ligands fully exposed on the surface of the tumor cells
(glycans in the form of biological glycoconjugates). This interaction also induces intracellular signals
in immune/hematological cells.

Additionally, we will discuss other non-lectin mediated (glycan-independent) functions that have
also been ascribed to Gals in their regulation of anti-tumor immune responses. Last, but not least, as the
initial immune activation and expansion events occur in the draining lymph nodes, the tumor secretes
and dispatches Gals to these distant anatomical locations inside microvesicles [35–37]. Gals can also act
in an indirect manner, preventing in situ functions of dendritic cells that sense the tumor and should
carry activating anti-tumor signals to the lymph nodes. In this way, Gals produced by tumors have a
direct and negative effect on lymphocyte primo-activation as well as on the effector phase of cytotoxic
T lymphocytes. While the expression of galectins in a tumor environment is well documented, this
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review will present the most recent information about the effects of main Gals as regulators of the
immune response and their prognosis potential for successful immunotherapy (focusing on reports
from the last five years). Finally, we will analyze the main clinical trial results highlighting the idea that
co-targeting galectins in combination with other immunotherapy (e.g., ICP targeting and/or therapeutic
vaccination) may improve and solve several cases and benefit cancer patients.

2. Galectins as Regulators of Immune Responses

Galectins (S-type lectins) are a family of evolutionarily conserved glycan-binding proteins
characterized by their affinity for N-acetyllactosamine sequences. The latter residues can be
displayed on cell surface glycoconjugates or expressed intracellularly as well as in the extracellular
matrix [14,38]. Gals are involved in the regulation of different cellular processes, among which are
cell adhesion and migration; cell differentiation; gene transcription and RNA splicing; cell cycle; and
apoptosis [39]. Their expression is altered during several pathological conditions, including cancer and
autoimmunity [14,15]. Despite their multiple functions in cancer cell behavior (e.g., tumorigenesis,
metastasis, and angiogenesis) [33,40–43], Gals also have essential immunomodulatory functions
that regulate both innate and adaptive anti-tumor immunity [44]. These functions are strongly
dependent on the cell context, and the concomitant expression of specific Gals and related carbohydrate
ligands [39]. Indeed, Gals and glyco-ligands both could serve as useful diagnostic biomarkers in cancer.
In most cases, the expression of galectins in the tumor microenvironment predicts a poor clinical
outcome [14,45]. Among the 11 galectins identified in humans, Gals-1, -3, and -9 have been extensively
studied in different fields including cell biology and immunology. Moreover their functions were
closely linked to cancer biology such as enhancing tumorigenicity, regulating tumor cell growth or
apoptosis, modulating cell migration, and promoting tumor immune escape.

2.1. Galectin-1

Galectin-1 is one of the most representative members of the prototype group. This galectin is
only active with a dimeric structure. Interestingly, tumors have an ideal oxidative microenvironment
indispensable for Gal-1 dimerization. The first work showing the link between Gal-1 and the immune
system was published by Baum L. and coll. in 1995 [16] and reviewed earlier in [46]. Another
pioneering study demonstrated that inhibiting Gal-1 gene expression in tumor cells in vivo promotes
tumor rejection and stimulates the generation of a tumor-specific T cell-mediated response in syngeneic
mice [47]. More recently, it demonstrated the link between Gal-1 and tumor neoangiogenesis [48,49].
Moreover, the targeting of Gal-1 inhibited pancreatic ductal adenocarcinoma (PDA) progression by
modulating tumor–stroma crosstalk [50]. Likewise, another group showed that the level of tumor Gal-1
was inversely correlated with treatment response with anti-ICP and survival in patients with head and
neck cancer (HNC) [51]. We can imagine a scenario in which the angiogenesis normalization induced
by Gal-1 blockade enhances drug access to tumors, resulting in important clinical benefits for patients.
In addition, targeting Gal-1 in patients also favors T cell infiltration, leading to reduced metastasis rates
as a secondary consequence. Indeed, Gal-1 from tumor-derived exosomes appears to be an essential
protein that induces CD8+ T cell suppressors by loss of CD27/CD28 co-stimulation and attenuation of
IFN-γ production. These actions of Gal-1 thus prevent T cell anti-tumor functions in HNC models [37].
All of these arguments support Gal-1 as a negative prognosis factor in different types of cancers and
reveal the importance of evaluating conditioning strategies as an exciting opportunity to shape tumor
fate by targeting this lectin in the tumor microenvironment. In a recent study, we assessed how hemin,
a pharmacologic inducer of heme oxygenase-1 (HO-1), has an impact on prostate cancer development
in vivo [52]. We demonstrated that tumors from hemin-conditioned mice showed reduced expression
of Gal-1, resulting in a persistent remodeling of the microenvironment (immune and vascular systems).
We also described a subset of prostate cancer patient-derived xenografts and prostate cancer patient
samples with mild HO-1 and low Gal-1 expression levels. These results are an example of strategies by
which Gal-1 can be modulated in the microenvironment, and thus impact tumor progression.
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Analysis of the current bibliography reveals a main interest in the immune-regulatory effects of
Gal-1 produced by tumor cells. However, additional sources of this galectin may also be evaluated
as a modulator of the anti-tumor immune responses. Using a prostate cancer preclinical model, we
demonstrated that Gal-1 is expressed by T lymphocytes at a much lower level than prostate tumor
cells, but has an essential role in immune tolerance. Specific Gal-1 inhibition only in T cells is enough
to potentiate anti-tumor immune responses [53]. We also demonstrated that endogenous Gal-1 in
CD4+ (but mainly in CD8+ T cells) acts as a negative regulator of anti-tumor immunity, and concluded
that prostate tumors require Gal-1 in lymphocytes to evade immune responses. This report lays the
foundation for an original immunotherapy strategy for prostate cancer targeting Gal-1 not in the tumor
cell, but in tumor-associated T lymphocytes, highlighting the necessity to identify which cells within
the tumor environment express functionally active galectins.

2.2. Galectin-3

Galectin-3 is the unique chimeric member of the galectin family and can form a pentameric
structure. Since the first original work in 1989 showing that Mac-2 antigen, actually known as Gal-3,
binds to IgE from basophilic leukemia cells, a large number of subsequent studies report that Gal-3
functions in other types of tumors (recently reviewed in [54,55]).

From more recently published data, Gal-3 has been defined as a guardian of the tumor
microenvironment [56]. In the last five years, reports showed Gal-3 to exert a broad spectrum
of functions, which differ according to its intra- or extracellular localization. Galectin-3 has unique
structural properties among all galectins, allowing it to be the only chimeric member of the family.
Indeed, it has a C-terminal composed by the carbohydrate recognition domain (CRD) and a nuclear
transporter-binding domain in its distal portion with nuclear export property [57,58]. At the other
end, the long N-terminal tail (120 residues) contains a stretch with two potential phosphorylation sites
(Ser6 and Ser12) followed by a region containing several tandem repeats of (PGAYPG) segments. This
glycine and proline-rich domain is involved in the ability of Gal-3 to oligomerize with other Gal-3
molecules or to establish protein–protein interactions with distinct proteins. Moreover, residues in
the first portion of the N-terminal tail can interact with the CRD by transient contacts and control
the subcellular localization of Gal-3, promoting the switch from nuclear to cytoplasmic form to allow
anti- or pro-apoptotic functions of this galectin, respectively [59]. Aside from the polysaccharide
binding site on the CRD of Gal-1 and -3, Miller et al. also found that rhamnogalacturonan polysaccharide
(RG-I-4) could bind relatively strongly to the N-terminal end of Gal-3; this strong binding occurring
kinetically slowly is most likely associated with proline cis trans isomerization [60]. It is so far evident
that interfering with the unique structure of Gal-3, which is dependent on this long N-terminal domain,
could control not only the lectin properties of the CRD, but also the capacity of its N terminal tail
to bind polysaccharides. In addition, hindering the flexibility of the N-terminal tail of Gal-3, which
promotes the interaction with the CRD, could also control other functions such as anti- or pro-apoptotic
properties interfering with the nuclear/cytoplasm switch of this galectin.

Notably, Gal-3 emerged as a multifunctional protein by inducing monocyte-macrophage
differentiation. Moreover, Gal-3 could interfere with dendritic cell fate decisions, regulating apoptosis
on T lymphocytes and inhibiting B-lymphocyte differentiation into immunoglobulin secreting plasma
cells [61]. All of these immunomodulatory effects are critical in immune-inflammatory responses.
The capability of Gal-3 to bind activated antigen-committed CD8+ T cells is only possible in the
tumor microenvironment through Gal-3 binding to LAG-3, and thus LAG-3 expression is necessary
for galectin-3-mediated suppression of CD8+ T cells in vitro. Moreover, Gal-3-deficient mice exhibit
improved CD8+ T-cell effector function and increased the expression of several inflammatory genes.
Lastly, Gal-3-deficient mice also have elevated levels of circulating plasmacytoid dendritic cells, which
could be superior to conventional dendritic cells in activating CD8+ T cells. These results suggest
that inhibiting Gal-3, in conjunction with CD8+ T-cell-directed immunotherapies, should enhance the
tumor-specific immune response.
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Mordoh‘s group was the first to demonstrate that Gal-3, not Gal-1, correlates with apoptosis
of tumor-associated lymphocytes in human melanoma biopsies [62], suggesting that a particular
galectin could have essential roles in some cancers, but not in all of them. Several years later, another
investigation group confirmed these data and revealed two galectin members (e.g., Gal-3 and -9)
as being between the four most relevant parameters associated with more prolonged survival in
metastatic melanoma patients [63]. Indeed, a comprehensive study of metastases of 73 stage IV
melanoma patients highlighted that four parameters are associated with better response to adoptive
cell transfer (ACT) as immunotherapy, including a higher number of CD8+ T cells, a high M1/M2
macrophage ratio, the presence of Gal-9 expressing dendritic cells (DCs), and the increase of the Gal-3
expression by tumor cells. In conclusion, while the presence of at least three of these parameters
constitutes an independent favorable prognostic factor for long-term survival, patients that displayed
this four-parameter signature were found exclusively among those who responded to ACT with
sustained clinical benefit. Interestingly, the expression of Gal-1 and -3 was only different in the
long-term survival group. However, differences in Gal-3 expression between patients with medium or
long-term survival were not statistically significant, suggesting that higher expression of Gal-3 is not
enough to improve overall survival (OS) in ACT patients, but should increase the OS in combination
with or as a consequence of other parameters.

The precise role of Gal-3 in driving the inflammatory process in autoimmune or immune-mediated
disorders revealed a differential role of endogenous and exogenous Gal-3 [61], similar to Gal-1 in
prostate cancer [53]. More than a decade ago, Califice and coll. were pioneers in demonstrating the
dual activities of Gal-3 depending on its subcellular localization [64]. For this reason, the mode of action
by which Gal-3 acts on monocyte–macrophage differentiation, dendritic cell fate decision, regulation
of apoptosis on T lymphocytes, and inhibition of B-lymphocyte differentiation into immunoglobulin
secreting plasma cells was not reproduced by the use of recombinant and exogenous Gal-3. Indeed,
the use of recombinant Gal-3 trying to replicate its endogenous actions did not induce any similar
effect [61]. These results highlighted the complexity in understanding galectins’ functions in cancer
development, and the need to identify not only in which cells each galectin is expressed, but also in
which subcellular compartment their expression occurs.

2.3. Galectin-9/TIM-3

Gal-9 is one of the representatives of the tandem-repeat isoforms with two carbohydrate recognition
domains. Gal-9 binds to the T cell immunoglobulin and mucin domain-containing protein 3 (TIM-3),
which is expressed at the surface of terminally differentiated T cells. As shown in viral infections, Gal-9
induces either apoptosis or suppression of T cell effector functions via engagement with its receptor
TIM-3 [65]. In agreement, Gal-9 knockout mice mount a more robust and vigorous virus-specific
immune response, resulting in rapid viral clearance. With more than 150 publications per year in the
last three years, the Gal-9/TIM-3 interaction is one of the most studied to be responsible for the immune
tolerance in cancer. The Gal-9/TIM-3 pathway is functional in a wide range of human cancer cells [66].
Thus, it is important to ascertain whether Gal-9 has therapeutic potential in human diseases, including
cancer, by influencing T cell immunity and inducing apoptosis of specific T-cell subpopulations like
other galectins do. This concept is well documented and will be detailed in the following sections.

2.4. Other Galectins

Besides Gals-1, -3, and -9 (the latter mainly through its interaction with TIM-3), other galectins
may have a role in tumor development. A transcriptome meta-analysis of cervical cancer cells after
ectopic Gal-7 expression demonstrated the regulation of molecular networks that are involved in
several cancer hallmarks, such as metabolism, growth control, invasion, apoptosis, and control of the
immune response [67]. This result suggests that Gal-7 plays a role in the tumor microenvironment
and immune surveillance, at least in cervical cancer. In the near future, we will probably have a more
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complete knowledge about the participation of other members of the galectin family in the process of
tumor immune escape.

In conclusion, galectins are factors implicated in the control of anti-tumor immune responses.
However, the effort should now be directed toward a clear identification of whether tumor cells or
other cells within the tumor microenvironment represent the leading source for each galectin, and the
final goal is to develop specific tools to interfere with their action specifically in these cells.

3. Role of Galectins on Immune Cells in Cancers

Previous arguments indicate that galectins are critical molecular players in the complex process
of cancer immunoediting, and particularly as tumor immune escape mechanisms. A complexity
that persists today refers to the identification of the primary cellular sources for each galectin inside
the tumor microenvironment (Tables 1–4). This information is relevant, given that it defines the
strategies to regulate their expression. In this sense, the three principal members (Gals-1, -3, and
-9) are expressed by CD163+ macrophages. Gal-1 and -3 are poorly expressed by T cells, and the
former is found in fibroblasts in head and neck squamous cervical cancer (HNSCC) [68] and prostate
cancer microenvironments [53]. However, low levels of expression of a galectin in a cell type do not
indicate that this member does not regulate essential functions in these cells, as we have recently
reported in the case of Gal-1 in lymphocytes [53]. This concept makes the task more complicated
and demonstrates that functional studies are required to have a complete picture of the role of Gals
in the tumor microenvironment. At present, this information is limited. It is thus essential to study
each cancer microenvironment to identify where and which immune partner expresses each of the
galectins (e.g., Gal-1, -3, and -9). It is also essential to define their potential ligands and functional
implications, and then develop strategies to interfere efficiently with their tumor-escape functions
(Tables 1–5). Finally, all this knowledge will facilitate the evaluation of their clinical significance.

Table 1. Described functions for the three main galectins (Gals) on immune cells in the tumor
microenvironment. NK, natural killer; DC, dendritic cell; MDSC, myeloid-derived suppressor cell.

Cell Types

Myeloid Cells
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Table 2. Galectin-1 on immune cells in the tumor microenvironment. OS, overall survival.

Organ/Tumor Role Benefit Prognostic
Marker References

Glioma Increased in glioma cell, not in
host cells

NK
immunossurveillance,

increase OS
[28,85]

Head and neck
squamous cervical

cancer
HNSCC Decreases CD27/CD28 Inversely correlated

to OS [37]

Head and neck
squamous cervical

cancer
HNSCC Decreases IFN-γ production Inversely correlated

to OS Poor prognostic [51,68]

Hepatocellular
carcinoma HCC Inhibition of T cell function [73]

Lymphoma
(cutaneous T-cell) Th2 differentiation [75]

Pancreatic ductal
adenocarcinoma PDA Angiogenesis inductor T-cell infiltration [50]

Prostate cancer PCa

Promotes angiogenesis when
expressed by tumor cells;

enhances immune evasion
when expressed by T cells

(esp. CD8+ T cells)

Yes [53,86]

Table 3. Galectin-3 on immune cells in the tumor microenvironment.

Organ/Tumor Role Benefit Prognostic
Marker References

Breast cancer BCa

Inhibition of cytotoxic T cell
function by IFN-γ sequestration;

Gal-3 binds to platelet
glycoprotein VI

[80,87]

Colon cancer
Tolerogenic macrophages: M1/M2

differentiation; Gal-3 binds to
platelet glycoprotein VI

[80,88]

Head and neck
squamous cervical

cancer
HNSCC Increases tumor invasiveness Decreased OS Poor prognostic [68,89]

Hepatocellular
carcinoma HCC Inhibition of T cell function [73]

Leukemia (basophilic) Gal-3 binds to IgE [55]

Lung carcinoma
Tolerogenic M2 macrophage

differentiation and increase of TIL
infiltration

Anti-Gal-3 enhances
anti-PD-L1 response [90]

Melanoma

Induces apoptosis of TIL;
inhibition of cytotoxic T cell

function by IFN-γ sequestration;
increase of metastasis

Decreased OS Yes [62,63,87]

3.1. Macrophages and Myeloid Cells

Macrophages play an essential role in the immune response and the maintenance of tissue
homeostasis. It is well known that many tumors recruit monocytes from the circulation and influence
their differentiation, mainly into suppressive M2-like subsets. While M1-type macrophages are
associated with anti-bacterial responses, polarization to M2-type differentiation intimates a variety of
biological responses, including tissue repair, immunosuppression, promotion of tumor angiogenesis,
and metastasis. With this concept in mind, it is interesting to note that colon cancer-derived conditioned
medium induces Gal-3 expression by tumor cells, and can actively influence the phenotype of monocytes
and switch their differentiation into a mixed population of M1 and M2 cells [88]. Gal-3 is also highly
expressed within the tumor microenvironment of aggressive cancers, and whose expression correlates
with poor survival, particularly in patients with NSCLC [89]. A preclinical study in two NSCLC
mouse models showed that the combination of an orally active Gal-3 antagonist (GB1107) with
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blockade of PD-L1 boosts tumor immune infiltration, reducing lung adenocarcinoma growth and
blocking metastasis [90]. Therefore, GB1107 augments the response to immune checkpoint inhibitors.
Elegant experiments indicate that macrophages were a significant driver of this anti-tumor response.
Indeed, oral administration of GB1107 increased tumor M1 macrophage polarization and CD8+ T-cell
infiltration, two essential parameters implicated in the anti-tumor effect.

Table 4. Galectin-9 on immune cells in the tumor microenvironment.

Ligand Organ/Tumor Role Benefit Prognostic
Marker References

Colon cancer Inhibition of NK infiltration by
CD56 on NK interaction with Gal-9 Poor prognostic [84]

Gastrointestinal
stromal cancer GIST Inhibition of NK infiltration Yes [85]

Head and neck
squamous cervical

cancer
HNSCC

Tolerogenic M2 macrophages
differentiation and increase of TIL

infiltration; T-cell inhibition

Yes, for
treatment
response

[68]

Hepatocellular
carcinoma HCC Promotes exhausted T cell, and DC

differentiation [91]

Melanoma
Increases metastasis, and

tolerogenic M2 macrophages
differentiation

Decreased OS Yes [63,82]

Multiple myeloma MM
Gal-9 expressed by osteoclasts

induces T-cells apoptosis, sparing
monocytes, and MM cells.

[92]

Non-small-cell lung
carcinoma

(metastatic)
NSCLC Accumulation of TIM-3 expressed

lymphoid cells and Gal-9+ MDSC

Biomarkers of
PD-1 blockage

resistance
Yes [93]

Dectin-1 Pancreatic ductal
adenocarcinoma PDA

Tolerogenic M2 macrophages
differentiation, increase of Gal-9
expression in γδT-cells of PDA

patients vs. healthy donors

Biomarkers Yes [81,94]

TIM-3

Breast cancer BCa Expressed by myeloid cells to
regulate CD103+ DC functions [95]

Gastric cancer Yes [96]

Leukemia
(acute myeloid) AML Increases mTOR signaling and

proangiogenesis Yes [97]

Leukemia
(lymphoblastic) Impaired immune system function [98]

Leukemia (stem cell) Increases MDSCs differentiation Increased OS [83]

Thyroid cancer Promotes exhausted T cell [99]

Table 5. Other galectins on immune cells in the tumor microenvironment.

Galectin Organ/Tumor Role Prognostic
Marker References

Galectin-7 Cervical cancer Increases tumor growth and
invasiveness [67]

Galectin-8 Prostate cancer PCa Promotes metastasis when
expressed by tumor cells Yes [43]

Gal-9 is another galectin that enhances the programming of tolerogenic macrophages. Indeed,
Gal-9 modulates immunity by promoting M2 macrophage differentiation, impacting the survival of
patients with metastatic melanoma [82]. The comparison of Gal-9/TIM-3 pathways in healthy and
malignant myeloid cells reveals the relevance of this pathway for this type of cell. Indeed, TIM-3
expression was significantly higher in primary human acute myeloid leukemia (AML) blasts, and
may thus serve as a possible target for AML therapy. The subcellular localization of TIM-3 was also
different; while TIM-3 was distributed mainly on the surface of primary AML cells, healthy leukocytes
showed an intracellular expression. In primary human AML blasts, both TIM-3-agonistic antibody
and Gal-9 (as the natural TIM-3 ligand) significantly upregulated the mTOR pathway, enhancing the
accumulation of pro-tumoral factors including hypoxia-inducible factor 1 alpha (HIF-1α) and the
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secretion of VEGF and TNF-α [97]. Moreover, the TIM-3/Gal-9 pathway promotes leukemia stem cells’
survival, inducing the expansion of myeloid-derived suppressor cells (MDSCs) and differentiation into
tumor-associated macrophages [83].

Gal-9 also binds to Dectin-1, a natural killer (NK)-cell-receptor-like C-type lectin involved in
innate immune responses to fungal pathogens. In pancreatic adenocarcinoma, Gal-9 binds to Dectin-1
on macrophages, resulting in its tolerogenic programming. These polarizations of macrophages
toward a pro-tumoral M2 phenotype have a profound impact on the T-cell cytokine secretion profile,
promoting the tumor immune escape [81]. Finally, glioma-derived Gal-1 regulates innate and adaptative
anti-tumor immunity [28]. Using an orthotopic GL261 mouse high-grade glioma model, the authors
nicely demonstrated that tumor-derived, but not host-derived, Gal-1 inhibition significantly prolonged
the survival of glioma-bearing mice after a dendritic cell (DC)-based immunotherapy. A significant
decrease in the number of brain-infiltrating macrophages and myeloid-derived suppressor cells (MDSC)
is associated with this anti-tumor effect, demonstrating a pivotal role of Gal-1-expressing tumor cells
in cancer immune evasion.

3.2. Dendritic Cells

During the two last decades, the role of galectins on DC differentiation or function was
richly documented in infectious models, analyzing the function of endogenous and exogenous
(including DC-derived exosomas) galectins. Gal-1 seems to have opposite effects on DC behavior,
depending on the experimental conditions. On the one hand, Gal-1 stimulates the secretion of
proinflammatory cytokines [72] or the maturation of DC [71]. Moreover, this particular galectin endows
DC with tolerogenic potential mediated through an immunoregulatory circuit involving interleukins 27
and 10 [23]. Furthermore, several examples show that other galectins regulate DC behavior, including
Gal-9 for DC maturation [100], and Gal-3 controlling adhesion and migration properties of these
cells [79]. Remarkably, most of these biological effects depend on the glycophenotype at the surface of
DC, demonstrating the requirement of outside-in signaling [101]. Mass spectrometry of human DC
revealed a specific interaction between CD69 and Gal-1, but not with Gal-3 or Gal-7 [69]. In addition to
CD69, Gal-1 binds to surface CD45 and CD43 in DC, interactions that also impact their activation and
migration properties [70].

Antigen-presenting cell (APC) subsets, including Kupffer cells (KCs), myeloid dendritic cells
(DCs), and plasmacytoid DCs in HCC, express different levels of Gal-9. However, tumor-infiltrating
T-cell-derived IFN-γ stimulated the expression of Gal-9 on APCs in the HCC microenvironment,
suggesting a bidirectional dialogue between DC and T lymphocytes [91]. Moreover, Gal-9 potentiates
CD8+ T cell-mediated anti-tumor immunity via TIM-3/Gal-9 interactions between CD8+ T cells and
DCs [102]. Further, TIM-3 targeting by specific antibody improves taxane-based chemotherapy in a
model of breast cancer through CD8+ T cell-dependent response with increased functional parameters,
such as granzyme B expression [95]. In human and mouse tumors, the authors also showed TIM-3
expression predominantly in myeloid cells, suggesting that TIM-3 regulates CD103+ dendritic cell
functions [95].

More recently, while DC constitutively expresses Gal-1, Gal-3, Gal-8, and Gal-9, the most abundant
lectins are Gal-1 and -3, which are found at the cell surface. In this study, Gal-1 or Gal-3 knockdown in
DC enhanced allogeneic T cell responses, mainly mediated by CD4+ T cells, with increased production
of IFN-γ and less Il-10, while no effect was observed with Gal-8 knockdown DC [73].

The role of Gal-3 in the control of DC behavior was also demonstrated in PDA patients upon
the GM-CSF-secreting allogenic PDA vaccine [78]. Vaccine responder patients developed anti-Gal-3
neutralizing antibodies after immunization. This study also revealed that Gal-3 binds to LAG-3 and
promotes suppression of CD8+ T cells through activation of plasmocytoid DC.

Altogether, the arguments above clearly highlight the critical impact of different members of the
galectin family in the differentiation and function of dendritic cells.
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3.3. T Cells

While the role of Gal-1 in the T-cells’ fate is well-documented [103], the impact of Gal-1 on the
regulation of lymphocyte gene expression remains poorly evaluated. An interesting study investigated
how Gal-1 affects the level of transcription factor expression to understand fundamental parameters
involved in the differentiation of CD4+ T cells into T helper cells or regulatory T cells (Treg) [76].
Depending on the Gal-1 concentration used, GATA-3 and FOXP3 mRNA are upregulated, supporting
the idea that Gal-1 can promote the differentiation of CD4+ T cells toward Th2 or Treg cells according to
the microenvironment conditions. More importantly, human studies confirmed these results. Indeed,
Gal-1 promotes T-cell death and mediates T cell-mediated tumor immune escape, inducing a bias in
the production of cytokines and a Th2 phenotype in patients with advanced-stage cutaneous T-cell
lymphoma [75]. Several years later, another group revealed the negative role of Gal-1 (through its
interaction with CD69) on the differentiation and function of Th17 cells, effects that depend on the
activation of the Jak3/Stat5 inhibitory pathway [69].

As we described earlier, not only Gal-1, but also Gal-9 could induce T cell death. Linda Baum’s lab
showed in 2008 that these two galectins (Gal-1 and -9) require different carbohydrate ligands to kill T
cells and also utilize different intracellular death pathways. Gal-9 (but not Gal-1)-mediated T cell death
was blocked by intracellular Bcl-2, while Gal-1 (but not Gal-9)-mediated T cell death was prevented by
intracellular Gal-3 [74]. Besides, extracellular Gal-3 binding to the surface of T cells alters membrane
organization and the formation of an immunological synapse. Its pentavalent capacity allows Gal-3 to
interact specifically with different membrane proteins and lipids, influencing endocytosis, trafficking,
and T cell receptor signaling (reviewed in [104]). These results revealed complex lattices that are
assembled between galectins and their different receptors to promote T cell death or inhibit T cell
function. Moreover, Gal-3 was recently demonstrated to sequester IFN-γ in the extracellular tumor
matrix, reducing T cell infiltration in melanoma or breast tumors [87].

A recent review describes the role and the mechanisms involved in galectin-mediated development
and the progression of different types of leukemia [98], detailing the Gal-9/TIM-3 interaction on the
circulating CD8+ T cells to impair immune system function and providing an ideal environment for
the proliferation of leukemic cells. In the case of the liver, known to have a physiological tolerogenic
environment, it is interesting to note that, in the viral infection process occurring in this organ, immune
regulation via TIM-3 signaling does not require its recognition of Gal-9. In this case, TIM-3 expressed
at the surface of CD8+ Treg binds to the alarmin, a high-mobility group box 1 (HMGB-1) [105]. By
contrast, in hepatocellular carcinoma (HCC), the Gal-9/TIM-3 interaction is necessary to enhance
exhausted T cells and to render inefficient anti-cancer immune response [91,106]. These results suggest
that the mechanisms controlling immune cell function in cancer may differ from those involved in
other pathophysiological situations.

In breast cancer, anti-TIM-3 antibodies activated TIL with an increase of IL-15-induced proliferation
and IFN-γ production, but without the need for IL-2. Consequently, IL-15, in combination with TIM-3
blocking antibodies, could potentially act as an IL-2 alternative in tumor CD8 T cell expansion
in vitro, an essential event for adoptive T cell therapy [107]. While some degree of activation of
infiltrating anti-tumor T cells was observed in mouse and human cancers, PD1+/TIM-3+/CD8+ T
lymphocytes display various degrees of functional exhaustion, as shown in patients with regionally
metastatic differentiated thyroid cancer [99]. Therefore, this result suggests that the activation of TIL is
rather complex.

3.4. Natural Killer Cells

A regulatory role of galectins in the interface of innate and adaptative immunity was demonstrated
in infections, suggesting that similar functions could be active in tumor immunity [108]. In this respect,
TIM-3 is an inducible human NK cell receptor that enhances IFN-γ production in response to Gal-9 [84].
In this study, CD56 and Gal-9 expressions in colon cancer were correlated and associated with poor
prognosis, suggesting a role of Gal-9 in tumor immune escape in these tumors [84]. In human
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gastrointestinal stromal tumors (GISTs), infiltrated NK cells express TIM-3 in 6/8 (75%) of the GIST
tissues, and all GIST tissues with TIM-3+ NK cell infiltration, were positive for Gal-9 expression by
tumor cells [85], suggesting interactions between NK cells and tumor cells. Baker and coll. also showed
that Gal-1-overexpressed-malignant glioma cells control the natural killer (NK) safeguard against
early tumor formation by destroying transformed target cells in a process referred to as NK immune
surveillance [77] (see also [109,110] for galectins and immunotherapy in glioma).

3.5. Other Cells

In the last decade, polymorphonuclear neutrophils have been identified to accomplish essential
functions in cancer progression [111]. Studies in infectious diseases revealed galectins as master
regulators of neutrophil functions [24]. However, the link between galectins and neutrophils in cancer
remains poorly documented and should be investigated in more details. Galectins also regulate
angiogenesis and platelet behavior to keep the normal functions of the vascular system [34,112].
A recent study shows that Gal-3 interaction with platelet glycoprotein VI in the colon and breast cancer
model promotes metastasis [80]. Altogether, these results strongly suggest the importance of studying
the impact of galectins as non-canonical regulators of platelet function in cancer. Interestingly, high
levels of Gal-9 were detected in blood γδ T cells from PDA patients when compared with those γδ

T cells from healthy individuals [94]. However, the relevance of such a description remains to be
evaluated in more depth.

To conclude, it is now clear that galectins as ligands have different receptors on hematopoietic
cells, each being able to regulate their function, making the scenario much more complex than initially
thought. As an example, Gal-9 also binds to 4-1BB via a site distinct from the binding site of the natural
ligand (TIM-3), facilitating 4-1BB aggregation, signaling, and activity in T cells, DC, and NK cells [113].
As a consequence, many mechanisms still need to be understood depending on the organ and their
pathophysiological conditions [114].

4. Role of Galectins on Cancer Prognosis/Diagnosis

While galectins are active players in tumor immune escape, their expression signature could serve
as prognosis/diagnosis biomarkers [55] (Tables 2–5, and Supplementary Tables S1–S4). In prostate
cancer, our study involving patients (naïve of any treatment) revealed a highly regulated expression of
galectins during the disease progression [86]. Three essential galectins, including Gal-1, Gal-3, and
Gal-8, were detected on patient samples at all stages of the disease by immunohistochemistry [86].
Gal-1 is a unique member that increases its expression during prostate cancer evolution. Gal-8, formerly
called prostate cancer tumor antigen-1, or PCTA-1, is strongly expressed during all stages of the disease;
its high and constant expression is indispensable for metastatic properties of prostate tumor cells [43].
Finally, Gal-3 expression progressively decreases until a complete shutdown in advanced prostate
cancer patients [86]. This regulated signature could serve as prognostic markers to classify prostate
cancer patients [115]. The same approach was used for HNSCC, where the authors analyzed the
expression of Gal-1, -3, and -9 and their clinical significance [68]. Galectin expression was scored in
tumor cells, infiltrating immune cells, and stromal cells in HNSCC (n = 160). While Gal-1 and -9 are
identified in tumor cells of 11% of the patients, Gal-3 is expressed in the majority of them (84%). The
authors concluded that Gal-1 is a poor predictor of survival and correlates with an invasive outcome,
and Gal-9 expression could serve as an indicator of improved survival. Thus, Gal-9 seems to mark a
beneficial response, while Gal-1 marks a more aggressive evolution. In the same study, tumor invasion
was inversely correlated with Gal-3 expression by tumor cells.

The scenario is more straightforward for some types of cancers than others. For instance, thyroid
cancers are Gal-3 positive, while this lectin is absent in normal and benign tissues; consequently,
Gal-3 detection could help to improve the diagnosis of thyroid cancer (as reviewed in [39,116]). In
PDA, blood Gal-9 levels can serve as a new biomarker because serum concentration of Gal-9 was
able to discriminate PDA from benign pancreatic disease and healthy individuals [94]. However, the
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scenario is more complicated in most of the cancer types as these lectins can also be expressed under
physiologic contexts.

Interestingly, antibodies against galectins could arise concomitantly with effective anti-cancer
therapy. Indeed, in patients with metastatic melanoma, an anti-CTLA-4 treatment in combination with
bevacizumab (an anti-VEGF monoclonal antibody) elicits humoral immunity to Gal-3 and Gal-1; those
bi-therapy-treated metastatic patients have improved OS [117]. These results could indicate that the
neutralization of these galectins may influence the tumorigenic process. Moreover, circulating Gal-3
may potentially have a prognostic and predictive value for immune checkpoint therapy.

Prostate cancer is one of the most refractory diseases for ICP therapy. However, Sipuleucel-T
(DC-based vaccine) is the only immunotherapy authorized by the Food and Drug Administration
(FDA) for metastatic and non-symptomatic prostate cancer patients. Remarkably, in patients from
IMPACT and ProACT clinical trials, humoral responses (e.g., IgG) against the prostate specific antigen
(PSA) and Gal-3 were associated with improved OS [118]. Moreover, we recently demonstrated the
essential role of Gal-3 in the establishment of immune tolerance in a mouse prostate cancer model.
We showed that the specific targeting of this particular galectin in tumor cells is enough to render the
vaccine immunotherapy efficient, with long-term protection against cancer recurrence [119]. These
results highlight Gal-3 as an excellent prognosis marker for immunotherapy responders and a potential
target when combined with a therapeutic vaccine to benefit prostate and other Gal-3-dependent
cancer patients.

As already mentioned, the Gal-9/TIM-3 pathway mediates T-cell senescence, suggesting that this
pathway could be a relevant immunotherapeutic target in patients with HBV-associated HCC [91].
The same conclusion applies to gastric cancer [96,120]. In this study, TIM-3, Gal-9, CD3, CD8, and
FOXP3 were immunostained in Tissue microarrays (TMA) (n = 587); such immunophenotypes were
then correlated with clinicopathological and prognosis data. The results demonstrated that TIM-3
was mainly expressed by immune cells, with minimal expression in gastric cancer cells. Gal-9, as
TIM-3 ligand, was significantly overexpressed in tumor cells. TIM-3 is thus negatively associated
with patients’ OS, while CD8+ T cell density is an excellent prognostic factor for patients with gastric
cancer [96]. In colon cancer, the expressions of Gal-9 and CD56 (NK surface marker) were both
correlated and represented a poor prognosis factor through its action in the migration of NK cells
toward tumors [84]. Thus, galectins could be used as prognostic biomarkers of cancer progression or
treatment response.

5. Ongoing Clinical Trials Involving Galectins

From 64 clinical trials related to galectins (updated to 1 March 2020; a list that includes their
evaluation as new cancer treatments), a vast majority of these studies (48/64) evaluate galectins as
indirect biomarkers for response to drug treatments. From these biomarker studies, 2/48 evaluate
Gal-1 serum concentration, 7/48 measure Gal-3 as a classical biomarker of cardiac injury to see
whether anticancer treatment induces any type of post-therapy heart failure, and 39/48 evaluate TIM-3
expression on T cells from patients after treatments (Supplementary Tables S1–S4).

Only 14/64 clinical trials test the effect of galectin inhibitors on tumor progression. Among
these, three studies evaluate galectin-specific antibodies or carbohydrate compounds (selective or
not for only one galectin member). The most used antibodies are TSR-022 (also called HAVCR2)
and MBG453, which are two different monoclonal antibodies against TIM-3, as well as RO7121661,
a bispecific TIM-3/PD-1 antibody as the most recent strategy. There also exist galectins inhibitors
with a carbohydrate nature. For instance, GR-MD-02 and GM-CT-01 bind to the CRD of galectins,
or compounds that specifically inhibit one galectin like the modified citrus pectin (MCP) that tightly
binds to Gal-3; or OTX008, a selective small-molecule inhibitor of Gal-1 (Table S7). While several
groups nicely demonstrated the role of Gal-1 in controlling angiogenesis and the functions of immune
cells in various tumor types, a small number of clinical trials targeting this galectin are still ongoing.
We can thus wonder if the targeting of Gal-1 (a pleiotropic and multifunctional protein) generated
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more adverse side effects than antitumor benefits in the patients. The lack of published information
compiling clinical trial results does not help to answer this fundamental question.

As aforementioned, two metastatic melanoma post-analyses of the clinical trial (#NCT00790010)
showed elicitation of humoral responses against galectins (e.g., Gal-1 or Gal-3) in patients with
successful combinatorial therapeutic strategies [117,121]. Indeed, tumor endothelial activation and
immune cell infiltration were associated with favorable clinical outcomes in patients treated by a
combination of anti-VEGF (bevacizumab) with anti-CTLA-4 (ipilimumab). This study revealed the
essential role of the elicited humoral immune response against Gal-1 in 37.2% of treated patients,
those who had improved OS. This clinical result suggests that immunity against Gal-1 may contribute
to the success of anti-angiogenic and anti-ICP strategies [121]. In addition, the same combinatorial
ICP treatment induced increased titers of antibodies against Gal-3 in one-third of patients, and this
humoral response was associated with a favorable clinical outcome [117]. Furthermore, circulating
levels of Gal-3 before any therapy could have a prognostic and predictive value for immune checkpoint
therapies [117].

Several clinical trials involving the analysis of Gal-1, Gal-3, and TIM-3, as the most represented
prognostic parameters, demonstrated the relevance of galectins as predictive biomarkers for response
to ICP immunotherapy ((Supplementary Tables S1–S9) and nicely documented in [109,110]). Several
antitumor therapies reveal the link between ICP immunotherapies and galectins like Gal-9/TIM-3 for
several cancers. In HCC, tumor-associated antigen-specific T cells isolated from human HCC tissues
show up-regulation of PD-1, TIM-3, and LAG3, which inhibit the functions of activated TIL. Moreover,
antibodies against PD-L1, TIM-3, or LAG3 restore responses of HCC-derived T cells to tumor antigens,
and combinations of these antibodies have additive effects, suggesting that blocking those signaling
pathways might benefit patients with primary liver cancer [122]. Another group also identified that
a poor HCC-specific survival is associated with a low expression of PD-L1 and Gal-9, and a small
number of CD8+ TIL [123]. As a result, intra-tumoral expression of these immune inhibiting molecules
may be a good predictor of HCC mortality.

The relation between galectins and the immune system in HNSCC was previously reviewed by
Kiss lab in 2007 [124]. More recently, ICP immunotherapy failure in this type of cancer was explained
by the absence of T cell migration into the tumors, a process that involves the expression of PD-L1
and Gal-9 at the cell surface of the tumor endothelium [51]. In the same way, analysis of peripheral
lymphoid and myeloid cells in patients with metastatic non-small cell lung cancer (NSCLC) that are
resistant to the anti-PD-1 therapy revealed the accumulation of TIM-3-positive lymphoid cells and
Gal-9-expressing monocytic MDSC. These results show that resistance to PD-1 blockade implicates
Gal-9/TIM-3 interaction [93].

In multiple myeloma (MM), myeloma cells enhance the function of osteoclasts, which are known
to be responsible for bone lesions. Gal-9 expressed by osteoclasts induces the apoptosis of T cells
while sparing monocytes and MM cells. Moreover, anti-PD-L1 and anti-IDO therapies overcome the
osteoclast induced lysis of cytotoxic T cells and partially explain the benefit of these therapies in MM
patients. Anti-Gal-9 therapy in concert with other ICP immunotherapies (PD-L1, IDO) could thus
improve anti-MM immunity [92]. These results also strongly support the combinatorial use of ICP
immunotherapy with galectin inhibitors.

An in-depth evaluation of current clinical trials demonstrates that only four studies started from
2016 combine ICP therapy (essentially anti-PD-1) with a galectin inhibitor (including anti-Gal-3 or
anti-TIM-3) against solid tumors (Table 6), including melanoma, NSCLC, and HNSCC. Surprisingly
again, no current combinatory therapy includes inhibitors of Gal-1. Anti-PD-1 immunotherapies
in combination with a TIM-3 inhibitor, using TSR-042 (#NCT03708328) or RO7121661, a bispecific
antibody against TIM-3 and PD-1 (# NCT04139902), are ongoing for various types of cancers. A
former clinical trial in metastatic melanoma used a galectin antagonist (GM-CT-01, essentially a Gal-3
inhibitor) combined with peptide vaccination (#NCT01723813). Moreover, the van der Bruggen’s
group showed restoration of the human TIL functions after ex vivo restimulation in the presence
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of N-acetyllactosamine, a galectin ligand. More interestingly, the same group showed earlier that
GCS-100, a polysaccharide specific inhibitor of Gal-3, detached Gal-3 from CD8+ TIL and boosts their
IFN-γ secretion and cytotoxic functions and promoted tumor rejection in mice models [125]. Phase
2 of the corresponding clinical trial (#NCT01723813) was terminated in 2015 and revealed higher
IFN-γ secretion and cytotoxicity of CD8+ TIL in GCS-100 treated patients. Treating TIL obtained from
patients with various cancers only for a few hours resulted in an increased IFN-γ secretion in up to 80%
of the samples [126]. Unfortunately, no ongoing study is following these preliminary and encouraging
results, highlighting the need to use more specific galectin inhibitors, for instance, GM-RD-02, used
in two independent studies (#NCT02117362 and #NCT02575404), instead of using broader spectrum
inhibitors like GM-CT-01. Finally, our recent results reveal that Gal-3 is the main inductor of immune
tolerance in prostate cancer. Several ongoing or already terminated clinical trials with anti-ICP therapy
show prostate cancer as a highly refractory disease for this kind of therapy. Recently, we suggest that
the inhibition Gal-3 expressed by the tumor cells promotes strong and long-term immune protective
response after tumor resection and vaccination of the animals [119]. Supporting these results, a
phase Ib clinical trial (#NCT02117362) combining GR-MD-02 and Ipilimumab (anti-CTLA-4) shows no
adverse effects identified owing to GR-MD-02, suggesting that Gal-3 targeting per se does not cause
any clinical problem (from Providence Cancer Center and Galectin Therapeutics communications).
However, changes in the standard-of-care for melanoma stopped this clinical trial owing to the
approbation of Keytruda (Pembrolizumab) instead of Ipilumuman in many patients. For this reason,
the following clinical trial (#NCT02575404) using Keytruda plus GR-MD-02 against melanoma and
other cancers (oral head and neck, lung) is ongoing (from Providence Cancer Center and Galectin
Therapeutics communications). The analysis of a total of 593 patients shows encouraging results.
The combinatorial biotherapy showed a 25% rate of complete response for all tested cancers. In
melanoma, the response rate is 62.5% compared with the best response of anti-CTLA-4 alone (33%).
Interestingly, those patients that respond to combinatorial therapy have reduced MDSC numbers.
Unfortunately, this clinical trial revealed significant toxicities and adverse effects in patients treated
with Pembrolizumab; GR-MD-02 caused additive side effects (from Providence Cancer Center and
Galectin Therapeutics communications). It is interesting to note a high expression of Gal-3 within the
tumor microenvironment of aggressive cancers, which correlates with poor survival, for instance, in
patients with NSCLC [89]. As we have already mentioned, Gal-3 regulates macrophage differentiation
in NSCLC [90], and treatment with GB1107 (a Gal-3 inhibitor) increased tumor M1 macrophage
polarization and CD8+ T-cell tumor infiltration. Moreover, GB1107 potentiated the effects of a PD-L1
immune checkpoint inhibitor, inducing higher expression of IFNγ, granzyme B, perforin-1, and Fas
ligand molecules. As a consequence, the use of a Gal-3 inhibitor could provide effective and nontoxic
therapy in combination with currently used ICP inhibitors or other immunotherapy strategies to boost
immune infiltration and responses in NSCLC. In this context, it is interesting to note that not only PD-1
can be targeted in these combinatory strategies because Durvalumab, an anti-PD-L1, in combination
with platinum-based chemotherapy, was recently authorized by the FDA as a first-line treatment for
patients with extensive-stage small-cell lung cancer. In conclusion, the elucidation of the mechanisms
of action of GR-MD-02 or other Gal-3 inhibitors will help to understand the essential role of Gal-3 in
the immune tolerance in various types of cancer. It will define the patients who will most benefit from
combined therapy.
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Table 6. Clinical trials involving the combination of immune checkpoint (ICP) and galectin- mediated therapies.

Clinical Trial
Numbers Title Status Targets Tumor Types Phases Start Date End Date

NCT01723813 Peptide Vaccinations Plus GM-CT-01
in Melanoma Terminated Galectins +

Vaccine
Metastatic
Melanoma

Phase 1
Phase 2 April 2012 April 2015

NCT04139902

PD-1 Inhibitor Dostarlimab (TSR-042)
vs. Combination of Tim-3 Inhibitor

TSR-022 and PD-1 Inhibitor
Dostarlimab (TSR-042)

Not yet recruiting TIM-3 + PD-1 Melanoma Phase 2 15 March 2020 15 December 2024

NCT03708328

A Dose Escalation and Expansion
Study of RO7121661, a PD-1/TIM-3
Bispecific Antibody, in Participants
with Advanced and/or Metastatic

Solid Tumors

Recruiting TIM-3 + PD-1 Solid Tumors Phase 1 15 October 2018 13 September 2022

NCT02575404

GR-MD-02 Plus Pembrolizumab in
Melanoma, Non-small Cell Lung
Cancer, and Squamous Cell Head

and Neck Cancer Patients

Recruiting Galectins (esp.
Gal-3) + PD-1 Various Phase 1 16 May 2016 October 2021

NCT02117362
Galectin Inhibitor (GR-MD-02) and

Ipilimumab in Patients with
Metastatic Melanoma

Completed Galectins (esp.
Gal-3) + PD-1

Metastatic
Melanoma Phase 1 8 May 2014 28 November 2018
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6. Conclusions

Efforts to translate the basic knowledge about galectins to the clinic are currently based on two
main goals: first, these proteins are evaluated as biomarkers of prognosis or response to treatments.
This type of evaluation predominates in current clinical trials and has proven to be highly relevant.
The second goal evaluates Gals as direct targets of therapy; here, the situation is more complex. The
initial results seem to indicate that a therapy based only on galectin targeting would not be sufficient.
Instead, combinatorial strategies are currently being evaluated, mainly combining the targeting of both
galectin and ICP. In this scenario, the design of combinatorial strategies must be guided by mechanistic
considerations and tested in preclinical models. The first clinical results seem to indicate that any
intervention requires pre-existing antitumor immune responses (or a concomitant spontaneous or
induced immunization procedure). Even if an antitumor immune response exists, there is an extreme
diversity of immune functions regulated by negative checkpoints with different cellular and kinetics
properties (priming/effector function/antibody production/innate system).

As stated in this review, Gals are thus interesting biomolecules to include in combinatory
approaches as they are essential regulators at different phases of the immune reactions in the tumor
microenvironment. There are various strategies based on Gals-blockade under evaluation using
antagonists or inhibitors, antibodies, and other molecular tools that could specifically target each
galectin member. Interestingly, the expression of Gals is found at low levels in physiological tissues,
except for immune-privileged sites. Thus, it is very likely that their blockade would not induce
significant adverse side effects, as demonstrated with Gal-3 inhibitors. Among these clinical trials,
it seems that the combination of galectin inhibitors with other immune interventions showed positive
results, suggesting that the main function of the Gals is to interfere with the antitumor function of
T cells. The details for each protocol (dosage, intervention strategy, and side effects) in clinical trials
need to be finely evaluated and probably adjusted according to the obtained results. For this, it seems
essential that the results of all clinical trials be published in order to facilitate the reasonable adjustment
of anticancer therapy. All the bibliographic arguments exposed in this review support the concept
that the transition of cancer immunotherapy from a hopeful vision to standard-of-care treatment for
many tumor types requires combinatorial therapies (galectin inhibitors, chemotherapy, and immune
checkpoint blockades).

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/5/750/s1,
Tables S1–S6: Clinical trials implicating galectins as biomarkers, Tables S7–S9: Clinical trials using
galectins inhibitors.

Author Contributions: Conceptualization, D.C. and D.J.L.; writing—original draft preparation, D.C.;
writing—review and editing, D.C., D.J.L. and C.V.; compelling and formatting data, C.T., J.D.G., Y.R., E.C.
and C.V.; visualization, D.C.; supervision, D.C. and D.J.L.; project administration, D.C. and D.J.L.; funding
acquisition, D.C. and D.J.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Fundación Fiorini (Premio Investigación en Ciencias Biomédicas Año 2017
to D.C., Instituto Róffo (Premio Eugenia Sacerdote de Lustig 2019) to D.C., and Fundación Bigand (Premio Sociedad
Argentina de Investigación Clínica (SAIC) 2019) to C.D.T. and D.C., all from Argentina; Worldwide Cancer Research
(WCR18-0095) from Scotland to D.J.L., And The APC was funded by Fundación Fiorini, Instituto Róffo, and
Fundación Bigand.

Acknowledgments: The authors apologize to authors whose papers could not be cited owing to most recent
publication limitations, and extend a special thanks to the INSERM and Anne Chauchereau from Institute Gustave
Roussy (Villejuif); Sophie Tartare-Deckert and Marcel Deckert from Molecular Mediterranean Medicine Center
(C3M) of the Nice-Sophia Antipolis University-Faculty of Sciences (Nice), Christophe Grosset from Victor Ségalen
University/IDEX (Bordeaux), and Slimane Ait-si-Ali from Paris-Diderot University-Epigenetic and Cell Fate Center
(Paris), all from France for their support and scientific discussion; and all the technical, non-teaching and animal
care personal of the School of Sciences (University of Buenos Aires).

Conflicts of Interest: The authors declare no conflict of interest.

http://www.mdpi.com/2218-273X/10/5/750/s1


Biomolecules 2020, 10, 750 18 of 24

References

1. Dagenais, G.R.; Leong, D.P.; Rangarajan, S.; Lanas, F.; Lopez-Jaramillo, P.; Gupta, R.; Diaz, R.; Avezum, A.;
Oliveira, G.B.F.; Wielgosz, A.; et al. Variations in common diseases, hospital admissions, and deaths in
middle-aged adults in 21 countries from five continents (PURE): A prospective cohort study. Lancet 2020,
395, 785–794. [CrossRef]

2. Kasiske, B.L.; Snyder, J.J.; Gilbertson, D.T.; Wang, C. Cancer after kidney transplantation in the United States.
Am. J. Transpl. 2004, 4, 905–913. [CrossRef] [PubMed]

3. Le Mire, L.; Hollowood, K.; Gray, D.; Bordea, C.; Wojnarowska, F. Melanomas in renal transplant recipients.
Br.J. Dermatol. 2006, 154, 472–477. [CrossRef] [PubMed]

4. Smith, J.L., Jr.; Stehlin, J.S., Jr. Spontaneous regression of primary malignant melanomas with regional
metastases. Cancer 1965, 18, 1399–1415. [CrossRef]

5. Schreiber, R.D.; Old, L.J.; Smyth, M.J. Cancer immunoediting: Integrating immunity’s roles in cancer
suppression and promotion. Science 2011, 331, 1565–1570. [CrossRef]

6. Mittal, D.; Gubin, M.M.; Schreiber, R.D.; Smyth, M.J. New insights into cancer immunoediting and its three
component phases–elimination, equilibrium and escape. Curr. Opin. Immunol. 2014, 27, 16–25. [CrossRef]

7. Topalian, S.L.; Drake, C.G.; Pardoll, D.M. Immune checkpoint blockade: A common denominator approach
to cancer therapy. Cancer Cell 2015, 27, 450–461. [CrossRef]

8. Hargadon, K.M.; Johnson, C.E.; Williams, C.J. Immune checkpoint blockade therapy for cancer: An overview
of FDA-approved immune checkpoint inhibitors. Int. Immunopharmacol. 2018, 62, 29–39. [CrossRef]

9. Topalian, S.L. Targeting Immune Checkpoints in Cancer Therapy. JAMA 2017, 318, 1647–1648. [CrossRef]
10. Torphy, R.J.; Schulick, R.D.; Zhu, Y. Newly Emerging Immune Checkpoints: Promises for Future Cancer

Therapy. Int. J. Mol. Sci. 2017, 18, 2642. [CrossRef]
11. Anderson, A.C.; Joller, N.; Kuchroo, V.K. Lag-3, Tim-3, and TIGIT: Co-inhibitory Receptors with Specialized

Functions in Immune Regulation. Immunity 2016, 44, 989–1004. [CrossRef] [PubMed]
12. Allard, B.; Longhi, M.S.; Robson, S.C.; Stagg, J. The ectonucleotidases CD39 and CD73: Novel checkpoint

inhibitor targets. Immunol. Rev. 2017, 276, 121–144. [CrossRef] [PubMed]
13. Qureshi, O.S.; Zheng, Y.; Nakamura, K.; Attridge, K.; Manzotti, C.; Schmidt, E.M.; Baker, J.; Jeffery, L.E.;

Kaur, S.; Briggs, Z.; et al. Trans-endocytosis of CD80 and CD86: A molecular basis for the cell-extrinsic
function of CTLA-4. Science 2011, 332, 600–603. [CrossRef] [PubMed]

14. Liu, F.T.; Rabinovich, G.A. Galectins as modulators of tumour progression. Nat. Rev. Cancer 2005, 5, 29–41.
[CrossRef] [PubMed]

15. Elola, M.T.; Wolfenstein-Todel, C.; Troncoso, M.F.; Vasta, G.R.; Rabinovich, G.A. Galectins: Matricellular
glycan-binding proteins linking cell adhesion, migration, and survival. Cell. Mol. Life Sci. 2007, 64, 1679–1700.
[CrossRef]

16. Perillo, N.L.; Pace, K.E.; Seilhamer, J.J.; Baum, L.G. Apoptosis of T cells mediated by galectin-1. Nature 1995,
378, 736–739. [CrossRef]

17. Motran, C.C.; Molinder, K.M.; Liu, S.D.; Poirier, F.; Miceli, M.C. Galectin-1 functions as a Th2 cytokine
that selectively induces Th1 apoptosis and promotes Th2 function. Eur. J. Immunol. 2008, 38, 3015–3027.
[CrossRef]

18. Zhou, Q.; Munger, M.E.; Veenstra, R.G.; Weigel, B.J.; Hirashima, M.; Munn, D.H.; Murphy, W.J.; Azuma, M.;
Anderson, A.C.; Kuchroo, V.K.; et al. Coexpression of Tim-3 and PD-1 identifies a CD8+ T-cell exhaustion
phenotype in mice with disseminated acute myelogenous leukemia. Blood 2011, 117, 4501–4510. [CrossRef]

19. Gordon-Alonso, M.; Demotte, N.; van der Bruggen, P. Sugars boost exhausted tumor-infiltrating lymphocytes
by counteracting immunosuppressive activities of galectins. Oncoimmunology 2014, 3, e28783. [CrossRef]

20. Garin, M.I.; Chu, C.C.; Golshayan, D.; Cernuda-Morollon, E.; Wait, R.; Lechler, R.I. Galectin-1: A key effector
of regulation mediated by CD4+CD25+ T cells. Blood 2007, 109, 2058–2065. [CrossRef]

21. Ocklenburg, F.; Moharregh-Khiabani, D.; Geffers, R.; Janke, V.; Pfoertner, S.; Garritsen, H.; Groebe, L.;
Klempnauer, J.; Dittmar, K.E.; Weiss, S.; et al. UBD, a downstream element of FOXP3, allows the identification
of LGALS3, a new marker of human regulatory T cells. Lab. Investig. 2006, 86, 724–737. [CrossRef] [PubMed]

22. Wang, F.; Wan, L.; Zhang, C.; Zheng, X.; Li, J.; Chen, Z.K. Tim-3-Galectin-9 pathway involves the suppression
induced by CD4+CD25+ regulatory T cells. Immunobiology 2009, 214, 342–349. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(19)32007-0
http://dx.doi.org/10.1111/j.1600-6143.2004.00450.x
http://www.ncbi.nlm.nih.gov/pubmed/15147424
http://dx.doi.org/10.1111/j.1365-2133.2005.07094.x
http://www.ncbi.nlm.nih.gov/pubmed/16445778
http://dx.doi.org/10.1002/1097-0142(196511)18:11&lt;1399::AID-CNCR2820181104&gt;3.0.CO;2-R
http://dx.doi.org/10.1126/science.1203486
http://dx.doi.org/10.1016/j.coi.2014.01.004
http://dx.doi.org/10.1016/j.ccell.2015.03.001
http://dx.doi.org/10.1016/j.intimp.2018.06.001
http://dx.doi.org/10.1001/jama.2017.14155
http://dx.doi.org/10.3390/ijms18122642
http://dx.doi.org/10.1016/j.immuni.2016.05.001
http://www.ncbi.nlm.nih.gov/pubmed/27192565
http://dx.doi.org/10.1111/imr.12528
http://www.ncbi.nlm.nih.gov/pubmed/28258700
http://dx.doi.org/10.1126/science.1202947
http://www.ncbi.nlm.nih.gov/pubmed/21474713
http://dx.doi.org/10.1038/nrc1527
http://www.ncbi.nlm.nih.gov/pubmed/15630413
http://dx.doi.org/10.1007/s00018-007-7044-8
http://dx.doi.org/10.1038/378736a0
http://dx.doi.org/10.1002/eji.200838295
http://dx.doi.org/10.1182/blood-2010-10-310425
http://dx.doi.org/10.4161/onci.28783
http://dx.doi.org/10.1182/blood-2006-04-016451
http://dx.doi.org/10.1038/labinvest.3700432
http://www.ncbi.nlm.nih.gov/pubmed/16702978
http://dx.doi.org/10.1016/j.imbio.2008.10.007
http://www.ncbi.nlm.nih.gov/pubmed/19362679


Biomolecules 2020, 10, 750 19 of 24

23. Ilarregui, J.M.; Croci, D.O.; Bianco, G.A.; Toscano, M.A.; Salatino, M.; Vermeulen, M.E.; Geffner, J.R.;
Rabinovich, G.A. Tolerogenic signals delivered by dendritic cells to T cells through a galectin-1-driven
immunoregulatory circuit involving interleukin 27 and interleukin 10. Nat. Immunol. 2009, 10, 981–991.
[CrossRef] [PubMed]

24. Robinson, B.S.; Arthur, C.M.; Evavold, B.; Roback, E.; Kamili, N.A.; Stowell, C.S.; Vallecillo-Zuniga, M.L.;
Van Ry, P.M.; Dias-Baruffi, M.; Cummings, R.D.; et al. The Sweet-Side of Leukocytes: Galectins as Master
Regulators of Neutrophil Function. Front. Immunol. 2019, 10, 1762. [CrossRef]

25. Starossom, S.C.; Mascanfroni, I.D.; Imitola, J.; Cao, L.; Raddassi, K.; Hernandez, S.F.; Bassil, R.; Croci, D.O.;
Cerliani, J.P.; Delacour, D.; et al. Galectin-1 Deactivates Classically Activated Microglia and Protects from
Inflammation-Induced Neurodegeneration. Immunity 2012, 37, 249–263. [CrossRef]

26. Rostoker, R.; Yaseen, H.; Schif-Zuck, S.; Lichtenstein, R.G.; Rabinovich, G.A.; Ariel, A. Galectin-1 induces
12/15-lipoxygenase expression in murine macrophages and favors their conversion toward a pro-resolving
phenotype. Prostaglandins Other Lipid Mediat. 2013, 107, 85–94. [CrossRef]

27. Barrionuevo, P.; Beigier-Bompadre, M.; Ilarregui, J.M.; Toscano, M.A.; Bianco, G.A.; Isturiz, M.A.;
Rabinovich, G.A. A novel function for galectin-1 at the crossroad of innate and adaptive immunity:
Galectin-1 regulates monocyte/macrophage physiology through a nonapoptotic ERK-dependent pathway.
J. Immunol. 2007, 178, 436–445. [CrossRef]

28. Verschuere, T.; Toelen, J.; Maes, W.; Poirier, F.; Boon, L.; Tousseyn, T.; Mathivet, T.; Gerhardt, H.; Mathieu, V.;
Kiss, R.; et al. Glioma-derived galectin-1 regulates innate and adaptive antitumor immunity. Int. J. Cancer
2014, 134, 873–884. [CrossRef]

29. Golden-Mason, L.; McMahan, R.H.; Strong, M.; Reisdorph, R.; Mahaffey, S.; Palmer, B.E.; Cheng, L.;
Kulesza, C.; Hirashima, M.; Niki, T.; et al. Galectin-9 functionally impairs natural killer cells in humans and
mice. J. Virol. 2013, 87, 4835–4845. [CrossRef]

30. Tsuboi, S.; Sutoh, M.; Hatakeyama, S.; Hiraoka, N.; Habuchi, T.; Horikawa, Y.; Hashimoto, Y.; Yoneyama, T.;
Mori, K.; Koie, T.; et al. A novel strategy for evasion of NK cell immunity by tumours expressing core2
O-glycans. EMBO J. 2011, 30, 3173–3185. [CrossRef]

31. Cao, A.; Alluqmani, N.; Buhari, F.H.M.; Wasim, L.; Smith, L.K.; Quaile, A.T.; Shannon, M.; Hakim, Z.;
Furmli, H.; Owen, D.M.; et al. Galectin-9 binds IgM-BCR to regulate B cell signaling. Nat. Commun. 2018, 9,
3288. [CrossRef] [PubMed]

32. Giovannone, N.; Liang, J.; Antonopoulos, A.; Geddes Sweeney, J.; King, S.L.; Pochebit, S.M.; Bhattacharyya, N.;
Lee, G.S.; Dell, A.; Widlund, H.R.; et al. Galectin-9 suppresses B cell receptor signaling and is regulated by
I-branching of N-glycans. Nat. Commun. 2018, 9, 3287. [CrossRef] [PubMed]

33. Griffioen, A.W.; Thijssen, V.L. Galectins in tumor angiogenesis. Ann. Transl. Med. 2014, 2, 90. [PubMed]
34. Schattner, M. Platelets and galectins. Ann. Transl. Med. 2014, 2, 85. [PubMed]
35. Gao, J.; Qiu, X.; Li, X.; Fan, H.; Zhang, F.; Lv, T.; Song, Y. Expression profiles and clinical value of plasma

exosomal Tim-3 and Galectin-9 in non-small cell lung cancer. Biochem. Biophys. Res. Commun. 2018, 498,
409–415. [CrossRef] [PubMed]

36. Banfer, S.; Schneider, D.; Dewes, J.; Strauss, M.T.; Freibert, S.A.; Heimerl, T.; Maier, U.G.; Elsasser, H.P.;
Jungmann, R.; Jacob, R. Molecular mechanism to recruit galectin-3 into multivesicular bodies for polarized
exosomal secretion. Proc. Natl. Acad. Sci. USA 2018, 115, 4396–4405. [CrossRef] [PubMed]

37. Maybruck, B.T.; Pfannenstiel, L.W.; Diaz-Montero, M.; Gastman, B.R. Tumor-derived exosomes induce
CD8(+) T cell suppressors. J. Immunother. Cancer 2017, 5, 65. [CrossRef] [PubMed]

38. Blidner, A.G.; Mendez-Huergo, S.P.; Cagnoni, A.J.; Rabinovich, G.A. Re-wiring regulatory cell networks in
immunity by galectin-glycan interactions. FEBS Lett. 2015, 589, 3407–3418. [CrossRef]

39. Bartolazzi, A.; Sciacchitano, S.; D’Alessandria, C. Galectin-3: The Impact on the Clinical Management of
Patients with Thyroid Nodules and Future Perspectives. Int. J. Mol. Sci. 2018, 19, 445. [CrossRef]

40. Compagno, D.; Jaworski, F.M.; Gentilini, L.; Contrufo, G.; Gonzalez-Perez, I.; Elola, M.T.; Pregi, N.;
Rabinovich, G.A.; Laderach, D.J. Galectins: Major signaling modulators inside and outside the cell. Curr. Mol.
Med. 2014, 14, 630–651. [CrossRef]

41. Croci, D.O.; Cerliani, J.P.; Pinto, N.A.; Morosi, L.G.; Rabinovich, G.A. Regulatory role of glycans in the
control of hypoxia-driven angiogenesis and sensitivity to anti-angiogenic treatment. Glycobiology 2014, 24,
1283–1290. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/ni.1772
http://www.ncbi.nlm.nih.gov/pubmed/19668220
http://dx.doi.org/10.3389/fimmu.2019.01762
http://dx.doi.org/10.1016/j.immuni.2012.05.023
http://dx.doi.org/10.1016/j.prostaglandins.2013.08.001
http://dx.doi.org/10.4049/jimmunol.178.1.436
http://dx.doi.org/10.1002/ijc.28426
http://dx.doi.org/10.1128/JVI.01085-12
http://dx.doi.org/10.1038/emboj.2011.215
http://dx.doi.org/10.1038/s41467-018-05771-8
http://www.ncbi.nlm.nih.gov/pubmed/30120235
http://dx.doi.org/10.1038/s41467-018-05770-9
http://www.ncbi.nlm.nih.gov/pubmed/30120234
http://www.ncbi.nlm.nih.gov/pubmed/25405165
http://www.ncbi.nlm.nih.gov/pubmed/25405160
http://dx.doi.org/10.1016/j.bbrc.2018.02.114
http://www.ncbi.nlm.nih.gov/pubmed/29452091
http://dx.doi.org/10.1073/pnas.1718921115
http://www.ncbi.nlm.nih.gov/pubmed/29686075
http://dx.doi.org/10.1186/s40425-017-0269-7
http://www.ncbi.nlm.nih.gov/pubmed/28806909
http://dx.doi.org/10.1016/j.febslet.2015.08.037
http://dx.doi.org/10.3390/ijms19020445
http://dx.doi.org/10.2174/1566524014666140603101953
http://dx.doi.org/10.1093/glycob/cwu083
http://www.ncbi.nlm.nih.gov/pubmed/25117007


Biomolecules 2020, 10, 750 20 of 24

42. Fortuna-Costa, A.; Gomes, A.M.; Kozlowski, E.O.; Stelling, M.P.; Pavao, M.S. Extracellular galectin-3 in
tumor progression and metastasis. Front. Oncol. 2014, 4, 138. [CrossRef] [PubMed]

43. Gentilini, L.D.; Jaworski, F.M.; Tiraboschi, C.; Perez, I.G.; Kotler, M.L.; Chauchereau, A.; Laderach, D.J.;
Compagno, D. Stable and high expression of Galectin-8 tightly controls metastatic progression of prostate
cancer. Oncotarget 2017, 8, 44654–44668. [CrossRef] [PubMed]

44. Vasta, G.R.; Ahmed, H.; Nita-Lazar, M.; Banerjee, A.; Pasek, M.; Shridhar, S.; Guha, P.; Fernandez-Robledo, J.A.
Galectins as self/non-self recognition receptors in innate and adaptive immunity: An unresolved paradox.
Front. Immunol. 2012, 3, 199. [CrossRef] [PubMed]

45. Dube-Delarosbil, C.; St-Pierre, Y. The emerging role of galectins in high-fatality cancers. Cell. Mol. Life Sci.
2018, 75, 1215–1226. [CrossRef]

46. Rubinstein, N.; Toscano, M.A.; Ilarregui, J.M.; Bianco, G.A.; Rabinovich, G.A. The sweet kiss of death: A link
between Galectin-1, Glycosylation and the generation of immune privilege. Trends Glycosi. Glycotechnol.
2005, 96, 133–143. [CrossRef]

47. Rubinstein, N.; Alvarez, M.; Zwirner, N.W.; Toscano, M.A.; Ilarregui, J.M.; Bravo, A.; Mordoh, J.; Fainboim, L.;
Podhajcer, O.L.; Rabinovich, G.A. Targeted inhibition of galectin-1 gene expression in tumor cells results in
heightened T cell-mediated rejection; A potential mechanism of tumor-immune privilege. Cancer Cell 2004, 5,
241–251. [CrossRef]

48. Croci, D.O.; Cerliani, J.P.; Dalotto-Moreno, T.; Mendez-Huergo, S.P.; Mascanfroni, I.D.; Dergan-Dylon, S.;
Toscano, M.A.; Caramelo, J.J.; Garcia-Vallejo, J.J.; Ouyang, J.; et al. Glycosylation-dependent lectin-receptor
interactions preserve angiogenesis in anti-VEGF refractory tumors. Cell 2014, 156, 744–758. [CrossRef]

49. Croci, D.O.; Salatino, M.; Rubinstein, N.; Cerliani, J.P.; Cavallin, L.E.; Leung, H.J.; Ouyang, J.; Ilarregui, J.M.;
Toscano, M.A.; Domaica, C.I.; et al. Disrupting galectin-1 interactions with N-glycans suppresses
hypoxia-driven angiogenesis and tumorigenesis in Kaposi’s sarcoma. J. Exp. Med. 2012, 209, 1985–2000.
[CrossRef]

50. Orozco, C.A.; Martinez-Bosch, N.; Guerrero, P.E.; Vinaixa, J.; Dalotto-Moreno, T.; Iglesias, M.; Moreno, M.;
Djurec, M.; Poirier, F.; Gabius, H.J.; et al. Targeting galectin-1 inhibits pancreatic cancer progression by
modulating tumor-stroma crosstalk. Proc. Natl. Acad. Sci. USA 2018, 115, 3769–3778. [CrossRef]

51. Nambiar, D.K.; Aguilera, T.; Cao, H.; Kwok, S.; Kong, C.; Bloomstein, J.; Wang, Z.; Rangan, V.S.; Jiang, D.;
von Eyben, R.; et al. Galectin-1-driven T cell exclusion in the tumor endothelium promotes immunotherapy
resistance. J. Clin. Investig. 2019, 129, 5553–5567. [CrossRef]

52. Jaworski, F.M.; Gentilini, L.D.; Gueron, G.; Meiss, R.P.; Ortiz, E.G.; Berguer, P.M.; Ahmed, A.; Navone, N.;
Rabinovich, G.A.; Compagno, D.; et al. In Vivo Hemin Conditioning Targets the Vascular and Immunologic
Compartments and Restrains Prostate Tumor Development. Clin. Cancer Res. 2017, 23, 5135–5148. [CrossRef]

53. Corapi, E.; Carrizo, G.; Compagno, D.; Laderach, D. Endogenous Galectin-1 in T Lymphocytes Regulates
Anti-prostate Cancer Immunity. Front. Immunol. 2018, 9, 2190. [CrossRef]

54. Farhad, M.; Rolig, A.S.; Redmond, W.L. The role of Galectin-3 in modulating tumor growth and
immunosuppression within the tumor microenvironment. Oncoimmunology 2018, 7, e1434467. [CrossRef]

55. Thijssen, V.L.; Heusschen, R.; Caers, J.; Griffioen, A.W. Galectin expression in cancer diagnosis and prognosis:
A systematic review. Biochim. Biophys. Acta 2015, 1855, 235–247. [CrossRef]

56. Ruvolo, P.P. Galectin 3 as a guardian of the tumor microenvironment. Biochim. Biophys. Acta 2016, 1863,
427–437. [CrossRef]

57. Li, S.Y.; Davidson, P.J.; Lin, N.Y.; Patterson, R.J.; Wang, J.L.; Arnoys, E.J. Transport of galectin-3 between
the nucleus and cytoplasm. II. Identification of the signal for nuclear export. Glycobiology 2006, 16, 612–622.
[CrossRef] [PubMed]

58. Haudek, K.C.; Spronk, K.J.; Voss, P.G.; Patterson, R.J.; Wang, J.L.; Arnoys, E.J. Dynamics of galectin-3 in the
nucleus and cytoplasm. Biochim. Biophys. Acta 2010, 1800, 181–189. [CrossRef] [PubMed]

59. Birdsall, B.; Feeney, J.; Burdett, I.D.; Bawumia, S.; Barboni, E.A.; Hughes, R.C. NMR solution studies of
hamster galectin-3 and electron microscopic visualization of surface-adsorbed complexes: Evidence for
interactions between the N- and C-terminal domains. Biochemistry 2001, 40, 4859–4866. [CrossRef] [PubMed]

60. Miller, M.C.; Zheng, Y.; Yan, J.; Zhou, Y.; Tai, G.; Mayo, K.H. Novel polysaccharide binding to the N-terminal
tail of galectin-3 is likely modulated by proline isomerization. Glycobiology 2017, 27, 1038–1051. [CrossRef]

61. de Oliveira, F.L.; Gatto, M.; Bassi, N.; Luisetto, R.; Ghirardello, A.; Punzi, L.; Doria, A. Galectin-3 in
autoimmunity and autoimmune diseases. Exp. Biol. Med. 2015, 240, 1019–1028. [CrossRef] [PubMed]

http://dx.doi.org/10.3389/fonc.2014.00138
http://www.ncbi.nlm.nih.gov/pubmed/24982845
http://dx.doi.org/10.18632/oncotarget.17963
http://www.ncbi.nlm.nih.gov/pubmed/28591719
http://dx.doi.org/10.3389/fimmu.2012.00199
http://www.ncbi.nlm.nih.gov/pubmed/22811679
http://dx.doi.org/10.1007/s00018-017-2708-5
http://dx.doi.org/10.4052/tigg.17.133
http://dx.doi.org/10.1016/S1535-6108(04)00024-8
http://dx.doi.org/10.1016/j.cell.2014.01.043
http://dx.doi.org/10.1084/jem.20111665
http://dx.doi.org/10.1073/pnas.1722434115
http://dx.doi.org/10.1172/JCI129025
http://dx.doi.org/10.1158/1078-0432.CCR-17-0112
http://dx.doi.org/10.3389/fimmu.2018.02190
http://dx.doi.org/10.1080/2162402X.2018.1434467
http://dx.doi.org/10.1016/j.bbcan.2015.03.003
http://dx.doi.org/10.1016/j.bbamcr.2015.08.008
http://dx.doi.org/10.1093/glycob/cwj089
http://www.ncbi.nlm.nih.gov/pubmed/16473834
http://dx.doi.org/10.1016/j.bbagen.2009.07.005
http://www.ncbi.nlm.nih.gov/pubmed/19616076
http://dx.doi.org/10.1021/bi002907f
http://www.ncbi.nlm.nih.gov/pubmed/11294654
http://dx.doi.org/10.1093/glycob/cwx071
http://dx.doi.org/10.1177/1535370215593826
http://www.ncbi.nlm.nih.gov/pubmed/26142116


Biomolecules 2020, 10, 750 21 of 24

62. Zubieta, M.R.; Furman, D.; Barrio, M.; Bravo, A.I.; Domenichini, E.; Mordoh, J. Galectin-3 expression
correlates with apoptosis of tumor-associated lymphocytes in human melanoma biopsies. Am. J. Pathol.
2006, 168, 1666–1675. [CrossRef] [PubMed]

63. Melief, S.M.; Visconti, V.V.; Visser, M.; van Diepen, M.; Kapiteijn, E.H.; van den Berg, J.H.; Haanen, J.B.;
Smit, V.T.; Oosting, J.; van der Burg, S.H.; et al. Long-term Survival and Clinical Benefit from Adoptive
T-cell Transfer in Stage IV Melanoma Patients Is Determined by a Four-Parameter Tumor Immune Signature.
Cancer Immunol. Res. 2017, 5, 170–179. [CrossRef] [PubMed]

64. Califice, S.; Castronovo, V.; Bracke, M.; van den Brule, F. Dual activities of galectin-3 in human prostate
cancer: Tumor suppression of nuclear galectin-3 vs tumor promotion of cytoplasmic galectin-3. Oncogene
2004, 23, 7527–7536. [CrossRef]

65. Merani, S.; Chen, W.; Elahi, S. The bitter side of sweet: The role of Galectin-9 in immunopathogenesis of viral
infections. Rev. Med. Virol. 2015, 25, 175–186. [CrossRef]

66. Yasinska, I.M.; Sakhnevych, S.S.; Pavlova, L.; Teo Hansen Selno, A.; Teuscher Abeleira, A.M.; Benlaouer, O.;
Goncalves Silva, I.; Mosimann, M.; Varani, L.; Bardelli, M.; et al. The Tim-3-Galectin-9 Pathway and Its
Regulatory Mechanisms in Human Breast Cancer. Front. Immunol. 2019, 10, 1594. [CrossRef]

67. Higareda-Almaraz, J.C.; Ruiz-Moreno, J.S.; Klimentova, J.; Barbieri, D.; Salvador-Gallego, R.; Ly, R.;
Valtierra-Gutierrez, I.A.; Dinsart, C.; Rabinovich, G.A.; Stulik, J.; et al. Systems-level effects of ectopic
galectin-7 reconstitution in cervical cancer and its microenvironment. BMC Cancer 2016, 16, 680. [CrossRef]

68. Punt, S.; Thijssen, V.L.; Vrolijk, J.; de Kroon, C.D.; Gorter, A.; Jordanova, E.S. Galectin-1, -3 and -9 Expression
and Clinical Significance in Squamous Cervical Cancer. PLoS ONE 2015, 10, e0129119. [CrossRef]

69. de la Fuente, H.; Cruz-Adalia, A.; Martinez Del Hoyo, G.; Cibrian-Vera, D.; Bonay, P.; Perez-Hernandez, D.;
Vazquez, J.; Navarro, P.; Gutierrez-Gallego, R.; Ramirez-Huesca, M.; et al. The leukocyte activation receptor
CD69 controls T cell differentiation through its interaction with galectin-1. Mol. Cell. Biol. 2014, 34, 2479–2487.
[CrossRef]

70. Fulcher, J.A.; Chang, M.H.; Wang, S.; Almazan, T.; Hashimi, S.T.; Eriksson, A.U.; Wen, X.; Pang, M.;
Baum, L.G.; Singh, R.R.; et al. Galectin-1 co-clusters CD43/CD45 on dendritic cells and induces cell activation
and migration through Syk and protein kinase C signaling. J. Biol. Chem. 2009, 284, 26860–26870. [CrossRef]

71. Fulcher, J.A.; Hashimi, S.T.; Levroney, E.L.; Pang, M.; Gurney, K.B.; Baum, L.G.; Lee, B. Galectin-1-matured
human monocyte-derived dendritic cells have enhanced migration through extracellular matrix. J. Immunol.
2006, 177, 216–226. [CrossRef] [PubMed]

72. Levroney, E.L.; Aguilar, H.C.; Fulcher, J.A.; Kohatsu, L.; Pace, K.E.; Pang, M.; Gurney, K.B.; Baum, L.G.;
Lee, B. Novel innate immune functions for galectin-1: Galectin-1 inhibits cell fusion by Nipah virus envelope
glycoproteins and augments dendritic cell secretion of proinflammatory cytokines. J. Immunol. 2005, 175,
413–420. [CrossRef] [PubMed]

73. Mobergslien, A.; Sioud, M. Galectin-1 and -3 gene silencing in immature and mature dendritic cells enhances
T cell activation and interferon-gamma production. J. Leukoc. Biol. 2012, 91, 461–467. [CrossRef] [PubMed]

74. Bi, S.; Earl, L.A.; Jacobs, L.; Baum, L.G. Structural features of galectin-9 and galectin-1 that determine distinct
T cell death pathways. J. Biol. Chem. 2008, 283, 12248–12258. [CrossRef]

75. Cedeno-Laurent, F.; Watanabe, R.; Teague, J.E.; Kupper, T.S.; Clark, R.A.; Dimitroff, C.J. Galectin-1 inhibits
the viability, proliferation, and Th1 cytokine production of nonmalignant T cells in patients with leukemic
cutaneous T-cell lymphoma. Blood 2012, 119, 3534–3538. [CrossRef]

76. Yakushina, V.D.; Vasil’eva, O.A.; Ryazantseva, N.V.; Novitsky, V.V.; Tashireva, L.A. The effects of galectin-1
on the gene expression of the transcription factors TBX21, GATA-3, FOXP3 and RORC. Mol. Cell. Biochem.
2015, 398, 245–249. [CrossRef]

77. Baker, G.J.; Chockley, P.; Yadav, V.N.; Doherty, R.; Ritt, M.; Sivaramakrishnan, S.; Castro, M.G.; Lowenstein, P.R.
Natural killer cells eradicate galectin-1-deficient glioma in the absence of adaptive immunity. Cancer Res.
2014, 74, 5079–5090. [CrossRef]

78. Kouo, T.; Huang, L.; Pucsek, A.B.; Cao, M.; Solt, S.; Armstrong, T.; Jaffee, E. Galectin-3 Shapes Antitumor
Immune Responses by Suppressing CD8+ T Cells via LAG-3 and Inhibiting Expansion of Plasmacytoid
Dendritic Cells. Cancer Immunol. Res. 2015, 3, 412–423. [CrossRef]

79. Vray, B.; Camby, I.; Vercruysse, V.; Mijatovic, T.; Bovin, N.V.; Ricciardi-Castagnoli, P.; Kaltner, H.; Salmon, I.;
Gabius, H.J.; Kiss, R. Up-regulation of galectin-3 and its ligands by Trypanosoma cruzi infection with
modulation of adhesion and migration of murine dendritic cells. Glycobiology 2004, 14, 647–657. [CrossRef]

http://dx.doi.org/10.2353/ajpath.2006.050971
http://www.ncbi.nlm.nih.gov/pubmed/16651632
http://dx.doi.org/10.1158/2326-6066.CIR-16-0288
http://www.ncbi.nlm.nih.gov/pubmed/28073773
http://dx.doi.org/10.1038/sj.onc.1207997
http://dx.doi.org/10.1002/rmv.1832
http://dx.doi.org/10.3389/fimmu.2019.01594
http://dx.doi.org/10.1186/s12885-016-2700-8
http://dx.doi.org/10.1371/journal.pone.0129119
http://dx.doi.org/10.1128/MCB.00348-14
http://dx.doi.org/10.1074/jbc.M109.037507
http://dx.doi.org/10.4049/jimmunol.177.1.216
http://www.ncbi.nlm.nih.gov/pubmed/16785517
http://dx.doi.org/10.4049/jimmunol.175.1.413
http://www.ncbi.nlm.nih.gov/pubmed/15972675
http://dx.doi.org/10.1189/jlb.0711361
http://www.ncbi.nlm.nih.gov/pubmed/22167721
http://dx.doi.org/10.1074/jbc.M800523200
http://dx.doi.org/10.1182/blood-2011-12-396457
http://dx.doi.org/10.1007/s11010-014-2227-8
http://dx.doi.org/10.1158/0008-5472.CAN-14-1203
http://dx.doi.org/10.1158/2326-6066.CIR-14-0150
http://dx.doi.org/10.1093/glycob/cwh068


Biomolecules 2020, 10, 750 22 of 24

80. Mammadova-Bach, E.; Gil-Pulido, J.; Sarukhanyan, E.; Burkard, P.; Shityakov, S.; Schonhart, C.; Stegner, D.;
Remer, K.; Nurden, P.; Nurden, A.T.; et al. Platelet glycoprotein VI promotes metastasis through interaction
with cancer cell-derived Galectin-3. Blood 2020, 135, 1146–1160. [CrossRef]

81. Daley, D.; Mani, V.R.; Mohan, N.; Akkad, N.; Ochi, A.; Heindel, D.W.; Lee, K.B.; Zambirinis, C.P.;
Pandian, G.S.B.; Savadkar, S.; et al. Dectin 1 activation on macrophages by galectin 9 promotes pancreatic
carcinoma and peritumoral immune tolerance. Nat. Med. 2017, 23, 556–567. [CrossRef] [PubMed]

82. Enninga, E.A.; Nevala, W.K.; Holtan, S.G.; Leontovich, A.A.; Markovic, S.N. Galectin-9 modulates immunity
by promoting Th2/M2 differentiation and impacts survival in patients with metastatic melanoma. Melanoma
Res. 2016, 26, 429–441. [CrossRef] [PubMed]

83. Gao, L.; Yu, S.; Zhang, X. Hypothesis: Tim-3/galectin-9, a new pathway for leukemia stem cells survival
by promoting expansion of myeloid-derived suppressor cells and differentiating into tumor-associated
macrophages. Cell. Biochem. Biophys. 2014, 70, 273–277. [CrossRef] [PubMed]

84. Wang, Y.; Sun, J.; Ma, C.; Gao, W.; Song, B.; Xue, H.; Chen, W.; Chen, X.; Zhang, Y.; Shao, Q.; et al. Reduced
Expression of Galectin-9 Contributes to a Poor Outcome in Colon Cancer by Inhibiting NK Cell Chemotaxis
Partially through the Rho/ROCK1 Signaling Pathway. PLoS ONE 2016, 11, e0152599. [CrossRef] [PubMed]

85. Komita, H.; Koido, S.; Hayashi, K.; Kan, S.; Ito, M.; Kamata, Y.; Suzuki, M.; Homma, S. Expression of immune
checkpoint molecules of T cell immunoglobulin and mucin protein 3/galectin-9 for NK cell suppression in
human gastrointestinal stromal tumors. Oncol. Rep. 2015, 34, 2099–2105. [CrossRef] [PubMed]

86. Laderach, D.J.; Gentilini, L.D.; Giribaldi, L.; Delgado, V.C.; Nugnes, L.; Croci, D.O.; Al Nakouzi, N.; Sacca, P.;
Casas, G.; Mazza, O.; et al. A unique galectin signature in human prostate cancer progression suggests
galectin-1 as a key target for treatment of advanced disease. Cancer Res. 2013, 73, 86–96. [CrossRef]

87. Gordon-Alonso, M.; Hirsch, T.; Wildmann, C.; van der Bruggen, P. Galectin-3 captures interferon-gamma in
the tumor matrix reducing chemokine gradient production and T-cell tumor infiltration. Nat. Commun. 2017,
8, 793. [CrossRef]

88. Sawa-Wejksza, K.; Dudek, A.; Lemieszek, M.; Kalawaj, K.; Kandefer-Szerszen, M. Colon cancer-derived
conditioned medium induces differentiation of THP-1 monocytes into a mixed population of M1/M2 cells.
Tumour Biol. 2018, 40, 1010428318797880. [CrossRef]

89. Mathieu, A.; Saal, I.; Vuckovic, A.; Ransy, V.; Vereerstraten, P.; Kaltner, H.; Gabius, H.J.; Kiss, R.;
Decaestecker, C.; Salmon, I.; et al. Nuclear galectin-3 expression is an independent predictive factor
of recurrence for adenocarcinoma and squamous cell carcinoma of the lung. Mod. Pathol. 2005, 18, 1264–1271.
[CrossRef]

90. Vuong, L.; Kouverianou, E.; Rooney, C.M.; McHugh, B.J.; Howie, S.E.M.; Gregory, C.D.; Forbes, S.J.;
Henderson, N.C.; Zetterberg, F.R.; Nilsson, U.J.; et al. An Orally Active Galectin-3 Antagonist Inhibits Lung
Adenocarcinoma Growth and Augments Response to PD-L1 Blockade. Cancer Res. 2019, 79, 1480–1492.
[CrossRef]

91. Li, H.; Wu, K.; Tao, K.; Chen, L.; Zheng, Q.; Lu, X.; Liu, J.; Shi, L.; Liu, C.; Wang, G.; et al. Tim-3/galectin-9
signaling pathway mediates T-cell dysfunction and predicts poor prognosis in patients with hepatitis B
virus-associated hepatocellular carcinoma. Hepatology 2012, 56, 1342–1351. [CrossRef] [PubMed]

92. An, G.; Acharya, C.; Feng, X.; Wen, K.; Zhong, M.; Zhang, L.; Munshi, N.C.; Qiu, L.; Tai, Y.T.; Anderson, K.C.
Osteoclasts promote immune suppressive microenvironment in multiple myeloma: Therapeutic implication.
Blood 2016, 128, 1590–1603. [CrossRef] [PubMed]

93. Limagne, E.; Richard, C.; Thibaudin, M.; Fumet, J.D.; Truntzer, C.; Lagrange, A.; Favier, L.; Coudert, B.;
Ghiringhelli, F. Tim-3/galectin-9 pathway and mMDSC control primary and secondary resistances to PD-1
blockade in lung cancer patients. Oncoimmunology 2019, 8, e1564505. [CrossRef] [PubMed]

94. Seifert, A.M.; Reiche, C.; Heiduk, M.; Tannert, A.; Meinecke, A.C.; Baier, S.; von Renesse, J.; Kahlert, C.;
Distler, M.; Welsch, T.; et al. Detection of pancreatic ductal adenocarcinoma with galectin-9 serum levels.
Oncogene 2020, 39, 3102–3133. [CrossRef]

95. de Mingo Pulido, A.; Gardner, A.; Hiebler, S.; Soliman, H.; Rugo, H.S.; Krummel, M.F.; Coussens, L.M.;
Ruffell, B. TIM-3 Regulates CD103(+) Dendritic Cell Function and Response to Chemotherapy in Breast
Cancer. Cancer Cell 2018, 33, 60–74. [CrossRef]

96. Wang, Y.; Zhao, E.; Zhang, Z.; Zhao, G.; Cao, H. Association between Tim3 and Gal9 expression and gastric
cancer prognosis. Oncol. Rep. 2018, 40, 2115–2126.

http://dx.doi.org/10.1182/blood.2019002649
http://dx.doi.org/10.1038/nm.4314
http://www.ncbi.nlm.nih.gov/pubmed/28394331
http://dx.doi.org/10.1097/CMR.0000000000000281
http://www.ncbi.nlm.nih.gov/pubmed/27455380
http://dx.doi.org/10.1007/s12013-014-9900-0
http://www.ncbi.nlm.nih.gov/pubmed/24639110
http://dx.doi.org/10.1371/journal.pone.0152599
http://www.ncbi.nlm.nih.gov/pubmed/27028892
http://dx.doi.org/10.3892/or.2015.4149
http://www.ncbi.nlm.nih.gov/pubmed/26239720
http://dx.doi.org/10.1158/0008-5472.CAN-12-1260
http://dx.doi.org/10.1038/s41467-017-00925-6
http://dx.doi.org/10.1177/1010428318797880
http://dx.doi.org/10.1038/modpathol.3800416
http://dx.doi.org/10.1158/0008-5472.CAN-18-2244
http://dx.doi.org/10.1002/hep.25777
http://www.ncbi.nlm.nih.gov/pubmed/22505239
http://dx.doi.org/10.1182/blood-2016-03-707547
http://www.ncbi.nlm.nih.gov/pubmed/27418644
http://dx.doi.org/10.1080/2162402X.2018.1564505
http://www.ncbi.nlm.nih.gov/pubmed/30906658
http://dx.doi.org/10.1038/s41388-020-1186-7
http://dx.doi.org/10.1016/j.ccell.2017.11.019


Biomolecules 2020, 10, 750 23 of 24

97. Goncalves Silva, I.; Gibbs, B.F.; Bardelli, M.; Varani, L.; Sumbayev, V.V. Differential expression and biochemical
activity of the immune receptor Tim-3 in healthy and malignant human myeloid cells. Oncotarget 2015, 6,
33823–33833.

98. Zheng, Y.; Feng, W.; Wang, Y.J.; Sun, Y.; Shi, G.; Yu, Q. Galectins as potential emerging key targets in different
types of leukemia. Eur. J. Pharmacol. 2019, 844, 73–78. [CrossRef]

99. Severson, J.J.; Serracino, H.S.; Mateescu, V.; Raeburn, C.D.; McIntyre, R.C., Jr.; Sams, S.B.; Haugen, B.R.;
French, J.D. PD-1+Tim-3+ CD8+ T Lymphocytes Display Varied Degrees of Functional Exhaustion in Patients
with Regionally Metastatic Differentiated Thyroid Cancer. Cancer Immunol. Res. 2015, 3, 620–630. [CrossRef]

100. Dai, S.Y.; Nakagawa, R.; Itoh, A.; Murakami, H.; Kashio, Y.; Abe, H.; Katoh, S.; Kontani, K.; Kihara, M.;
Zhang, S.L.; et al. Galectin-9 induces maturation of human monocyte-derived dendritic cells. J. Immunol.
2005, 175, 2974–2981. [CrossRef]

101. Bax, M.; Garcia-Vallejo, J.J.; Jang-Lee, J.; North, S.J.; Gilmartin, T.J.; Hernandez, G.; Crocker, P.R.; Leffler, H.;
Head, S.R.; Haslam, S.M.; et al. Dendritic Cell Maturation Results in Pronounced Changes in Glycan
Expression Affecting Recognition by Siglecs and Galectins. J. Immunol. 2007, 179, 8216–8224. [CrossRef]
[PubMed]

102. Nagahara, K.; Arikawa, T.; Oomizu, S.; Kontani, K.; Nobumoto, A.; Tateno, H.; Watanabe, K.; Niki, T.;
Katoh, S.; Miyake, M.; et al. Galectin-9 Increases Tim-3+ Dendritic Cells and CD8+ T Cells and Enhances
Antitumor Immunity via Galectin-9-Tim-3 Interactions. J. Immunol. 2008, 181, 7660–7669. [CrossRef]
[PubMed]

103. Cooper, D.; Ilarregui, J.M.; Pesoa, S.A.; Croci, D.O.; Perretti, M.; Rabinovich, G.A. Multiple functional targets
of the immunoregulatory activity of galectin-1: Control of immune cell trafficking, dendritic cell physiology,
and T-cell fate. Methods Enzymol. 2010, 480, 199–244. [PubMed]

104. Gilson, R.C.; Gunasinghe, S.D.; Johannes, L.; Gaus, K. Galectin-3 modulation of T-cell activation: Mechanisms
of membrane remodelling. Prog. Lipid. Res. 2019, 76, 101010. [CrossRef]

105. Dolina, J.S.; Braciale, T.J.; Hahn, Y.S. Liver-primed CD8+ T cells suppress antiviral adaptive immunity
through galectin-9-independent T-cell immunoglobulin and mucin 3 engagement of high-mobility group
box 1 in mice. Hepatology 2014, 59, 1351–1365. [CrossRef]

106. Zhao, L.; Yu, G.; Han, Q.; Cui, C.; Zhang, B. TIM-3: An emerging target in the liver diseases. Scand. J.
Immunol. 2019, 9, 12825. [CrossRef]

107. Heon, E.K.; Wulan, H.; Macdonald, L.P.; Malek, A.O.; Braunstein, G.H.; Eaves, C.G.; Schattner, M.D.;
Allen, P.M.; Alexander, M.O.; Hawkins, C.A.; et al. IL-15 induces strong but short-lived tumor-infiltrating
CD8 T cell responses through the regulation of Tim-3 in breast cancer. Biochem. Biophys. Res. Commun. 2015,
464, 360–366. [CrossRef]

108. Sakuishi, K.; Jayaraman, P.; Behar, S.M.; Anderson, A.C.; Kuchroo, V.K. Emerging Tim-3 functions in
antimicrobial and tumor immunity. Trends Immunol. 2011, 32, 345–349. [CrossRef]

109. Liang, T.; Wang, X.; Wang, F.; Feng, E.; You, G. Galectin-9: A Predictive Biomarker Negatively Regulating
Immune Response in Glioma Patients. World Neurosurg 2019, 132, 455–462. [CrossRef]

110. Chou, F.C.; Chen, H.Y.; Kuo, C.C.; Sytwu, H.K. Role of Galectins in Tumors and in Clinical Immunotherapy.
Int. J. Mol. Sci. 2018, 19, 430. [CrossRef]

111. Shaul, M.E.; Fridlender, Z.G. Tumour-associated neutrophils in patients with cancer. Nat. Rev. Clin. Oncol.
2019, 16, 601–620. [CrossRef] [PubMed]

112. Etulain, J.; Negrotto, S.; Tribulatti, M.V.; Croci, D.O.; Carabelli, J.; Campetella, O.; Rabinovich, G.A.;
Schattner, M. Control of angiogenesis by galectins involves the release of platelet-derived proangiogenic
factors. PLoS ONE 2014, 9, e96402. [CrossRef] [PubMed]

113. Madireddi, S.; Eun, S.Y.; Lee, S.W.; Nemcovicova, I.; Mehta, A.K.; Zajonc, D.M.; Nishi, N.; Niki, T.;
Hirashima, M.; Croft, M. Galectin-9 controls the therapeutic activity of 4-1BB-targeting antibodies. J. Exp.
Med. 2014, 211, 1433–1448. [CrossRef]

114. Golden-Mason, L.; Rosen, H.R. Galectin-9: Diverse roles in hepatic immune homeostasis and inflammation.
Hepatology 2017, 66, 271–279. [CrossRef] [PubMed]

115. Laderach, D.J.; Gentilini, L.; Jaworski, F.M.; Compagno, D. Galectins as new prognostic markers and potential
therapeutic targets for advanced prostate cancers. Prostate Cancer 2013, 2013, 519436. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ejphar.2018.11.019
http://dx.doi.org/10.1158/2326-6066.CIR-14-0201
http://dx.doi.org/10.4049/jimmunol.175.5.2974
http://dx.doi.org/10.4049/jimmunol.179.12.8216
http://www.ncbi.nlm.nih.gov/pubmed/18056365
http://dx.doi.org/10.4049/jimmunol.181.11.7660
http://www.ncbi.nlm.nih.gov/pubmed/19017954
http://www.ncbi.nlm.nih.gov/pubmed/20816212
http://dx.doi.org/10.1016/j.plipres.2019.101010
http://dx.doi.org/10.1002/hep.26938
http://dx.doi.org/10.1111/sji.12825
http://dx.doi.org/10.1016/j.bbrc.2015.06.162
http://dx.doi.org/10.1016/j.it.2011.05.003
http://dx.doi.org/10.1016/j.wneu.2019.08.117
http://dx.doi.org/10.3390/ijms19020430
http://dx.doi.org/10.1038/s41571-019-0222-4
http://www.ncbi.nlm.nih.gov/pubmed/31160735
http://dx.doi.org/10.1371/journal.pone.0096402
http://www.ncbi.nlm.nih.gov/pubmed/24788652
http://dx.doi.org/10.1084/jem.20132687
http://dx.doi.org/10.1002/hep.29106
http://www.ncbi.nlm.nih.gov/pubmed/28195343
http://dx.doi.org/10.1155/2013/519436
http://www.ncbi.nlm.nih.gov/pubmed/24205440


Biomolecules 2020, 10, 750 24 of 24

116. Gasbarri, A.; Marchetti, C.; Iervasi, G.; Bottoni, A.; Nicolini, A.; Bartolazzi, A.; Carpi, A. From the bench to
the bedside. Galectin-3 immunodetection for improving the preoperative diagnosis of the follicular thyroid
nodules. Biomed. Pharmacother. 2004, 58, 356–359. [CrossRef] [PubMed]

117. Wu, X.; Giobbie-Hurder, A.; Connolly, E.M.; Li, J.; Liao, X.; Severgnini, M.; Zhou, J.; Rodig, S.; Hodi, F.S.
Anti-CTLA-4 based therapy elicits humoral immunity to galectin-3 in patients with metastatic melanoma.
Oncoimmunology 2018, 7, e1440930. [CrossRef] [PubMed]

118. GuhaThakurta, D.; Sheikh, N.A.; Fan, L.Q.; Kandadi, H.; Meagher, T.C.; Hall, S.J.; Kantoff, P.W.; Higano, C.S.;
Small, E.J.; Gardner, T.A.; et al. Humoral Immune Response against Nontargeted Tumor Antigens after
Treatment with Sipuleucel-T and Its Association with Improved Clinical Outcome. Clin. Cancer Res. 2015, 21,
3619–3630. [CrossRef]

119. Tiraboschi, C.; Gentilini, L.; Corapi, E.; Jaworski, F.M.; Velazquez, C.; Chauchereau, A.; Laderach, D.J.;
Compagno, D. Galectin-3 as a new negative checkpoint of the immune response is the key target for effective
immunotherapy against prostate cancer. BioRxiv 2019, 9, 763409.

120. Jiang, J.; Jin, M.S.; Kong, F.; Cao, D.; Ma, H.X.; Jia, Z.; Wang, Y.P.; Suo, J.; Cao, X. Decreased galectin-9
and increased Tim-3 expression are related to poor prognosis in gastric cancer. PLoS ONE 2013, 8, e81799.
[CrossRef]

121. Wu, X.; Li, J.; Connolly, E.M.; Liao, X.; Ouyang, J.; Giobbie-Hurder, A.; Lawrence, D.; McDermott, D.;
Murphy, G.; Zhou, J.; et al. Combined Anti-VEGF and Anti-CTLA-4 Therapy Elicits Humoral Immunity to
Galectin-1 Which Is Associated with Favorable Clinical Outcomes. Cancer Immunol. Res. 2017, 5, 446–454.
[CrossRef] [PubMed]

122. Zhou, G.; Sprengers, D.; Boor, P.P.C.; Doukas, M.; Schutz, H.; Mancham, S.; Pedroza-Gonzalez, A.; Polak, W.G.;
de Jonge, J.; Gaspersz, M.; et al. Antibodies Against Immune Checkpoint Molecules Restore Functions of
Tumor-Infiltrating T Cells in Hepatocellular Carcinomas. Gastroenterology 2017, 153, 1107–1119. [CrossRef]
[PubMed]

123. Sideras, K.; Biermann, K.; Verheij, J.; Takkenberg, B.R.; Mancham, S.; Hansen, B.E.; Schutz, H.M.; de
Man, R.A.; Sprengers, D.; Buschow, S.I.; et al. PD-L1, Galectin-9 and CD8(+) tumor-infiltrating lymphocytes
are associated with survival in hepatocellular carcinoma. Oncoimmunology 2017, 6, e1273309. [CrossRef]
[PubMed]

124. Saussez, S.; Camby, I.; Toubeau, G.; Kiss, R. Galectins as modulators of tumor progression in head and neck
squamous cell carcinomas. Head Neck 2007, 29, 874–884. [CrossRef] [PubMed]

125. Demotte, N.; Wieers, G.; Van Der Smissen, P.; Moser, M.; Schmidt, C.; Thielemans, K.; Squifflet, J.L.;
Weynand, B.; Carrasco, J.; Lurquin, C.; et al. A Galectin-3 Ligand Corrects the Impaired Function of Human
CD4 and CD8 Tumor-Infiltrating Lymphocytes and Favors Tumor Rejection in Mice. Cancer Res. 2010, 70,
7476–7488. [CrossRef] [PubMed]

126. Demotte, N.; Bigirimana, R.; Wieers, G.; Stroobant, V.; Squifflet, J.L.; Carrasco, J.; Thielemans, K.; Baurain, J.F.;
Van Der Smissen, P.; Courtoy, P.J.; et al. A short treatment with galactomannan GM-CT-01 corrects the
functions of freshly isolated human tumor-infiltrating lymphocytes. Clin. Cancer Res. 2014, 20, 1823–1833.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.biopha.2004.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15271416
http://dx.doi.org/10.1080/2162402X.2018.1440930
http://www.ncbi.nlm.nih.gov/pubmed/29900046
http://dx.doi.org/10.1158/1078-0432.CCR-14-2334
http://dx.doi.org/10.1371/journal.pone.0081799
http://dx.doi.org/10.1158/2326-6066.CIR-16-0385
http://www.ncbi.nlm.nih.gov/pubmed/28473314
http://dx.doi.org/10.1053/j.gastro.2017.06.017
http://www.ncbi.nlm.nih.gov/pubmed/28648905
http://dx.doi.org/10.1080/2162402X.2016.1273309
http://www.ncbi.nlm.nih.gov/pubmed/28344887
http://dx.doi.org/10.1002/hed.20559
http://www.ncbi.nlm.nih.gov/pubmed/17315170
http://dx.doi.org/10.1158/0008-5472.CAN-10-0761
http://www.ncbi.nlm.nih.gov/pubmed/20719885
http://dx.doi.org/10.1158/1078-0432.CCR-13-2459
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Galectins as Regulators of Immune Responses 
	Galectin-1 
	Galectin-3 
	Galectin-9/TIM-3 
	Other Galectins 

	Role of Galectins on Immune Cells in Cancers 
	Macrophages and Myeloid Cells 
	Dendritic Cells 
	T Cells 
	Natural Killer Cells 
	Other Cells 

	Role of Galectins on Cancer Prognosis/Diagnosis 
	Ongoing Clinical Trials Involving Galectins 
	Conclusions 
	References

