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Abstract: Galectins are a family of proteins that bind β-galactose residues through a highly conserved
carbohydrate recognition domain. They regulate several important biological functions, including
cell proliferation, adhesion, migration, and invasion, and play critical roles during embryonic
development and cell differentiation. In adults, different galectin members are expressed depending
on the tissue type and can be altered during pathological processes. Numerous reports have shown
the involvement of galectins in diseases, mostly inflammation and cancer. Here, we review the
state-of-the-art of the role that different galectin family members play in pancreatic cancer. This tumor
is predicted to become the second leading cause of cancer-related deaths in the next decade as there is
still no effective treatment nor accurate diagnosis for it. We also discuss the possible translation of
recent results about galectin expression and functions in pancreatic cancer into clinical interventions
(i.e., diagnosis, prediction of prognosis and/or therapy) for this fatal disease.
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1. Pancreatic Cancer

The most common type of pancreatic cancer is pancreatic ductal adenocarcinoma (PDA), which
is an aggressive disease with a devastating prognosis [1]. It is currently the third leading cause of
cancer-related death and is expected to become the second by 2030 [2]. New and effective therapeutic
strategies for pancreatic tumor patients are urgently required: PDA is normally diagnosed at late
stages, with poor prognosis following standard chemo/radiotherapy [3].

A major hallmark of PDA is an abundant tumor stroma, which accounts for up to 90% of
tumor volume and has been proposed to be one the main reasons for the aggressiveness of PDA and
therapy inefficacy against it [4–6]. Stroma (also called the tumor microenvironment) mainly comprises
extracellular matrix (ECM), cancer-associated fibroblasts (CAFs), endothelial cells, and immune cells.
The majority of CAFs in PDA are activated pancreatic stellate cells (PSCs) [7]. In healthy pancreas, PSCs
are quiescent and are characterized by lipid droplets containing vitamin A. PSCs become activated
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during cancer transformation, at which point they lose their lipid droplets and produce excessive ECM
proteins, including collagen, fibronectin, laminin, α-smooth muscle actin (α-SMA), growth factors
(such as platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF)), and
several cytokines [7]. PSCs are activated by paracrine stimuli secreted by tumor cells, including TGF-β
and sonic Hedgehog (Hh) [7,8]. Notably, ECM and secreted factors from activated PSCs also lead to
increased pancreatic tumor cell motility, proliferation, metastasis, and chemoresistance, highlighting
the relevance of tumor-stroma crosstalk in PDA progression [8–10].

Immune cells are also a very important component of tumor stroma. After the recent success of
immunotherapy in some tumors [11,12], the PDA immune landscape has attracted high interest in
pancreatic cancer research. Most pancreatic tumors display an immunosuppressive microenvironment,
comprising M2 macrophages, myeloid-derived suppressor cells, and regulatory T-lymphocytes
(Tregs), leading to impaired T-cell activation and inefficient cytotoxic T-lymphocyte-induced tumor
elimination [13,14]. Pancreatic cells also contribute to immune system evasion by expressing and
secreting immunosuppressive factors, such as TGF-β, IL-10, IL-6, VEGF, and the Fas ligand, among
others [13,15]. Together, these processes lead to failed immune surveillance, which could explain the
low rate of response to immunotherapy [9,14,15].

2. The Galectin Family

Galectins are a family of proteins that bind to carbohydrates, and in particular to β-galactose
residues. Binding is mediated by a carbohydrate recognition domain (CRD) that is composed of
130 amino acids and that is conserved in all galectin types [16]. Although 15 galectins have been
described in mammals, only 11 are found in humans [16]. Galectins are usually classified into three
groups based on their structure: (i) prototypical galectins (galectin-1 (Gal1), Gal2, Gal5, Gal7, Gal10,
Gal11, Gal 13, Gal14, and Gal15), characterized by a single CRD, which can act as monomers or form
homodimers; (ii) the chimeric galectin Gal3 (the only member of this class), with a single CRD and
a large amino-terminal domain that facilitates the formation of oligomers; (iii) the tandem repeat
galectins, with two CRDs that are linked through a small peptide domain; this group includes Gal4,
Gal6, Gal8, Gal9, and Gal12 [16].

Gal1 is expressed in endothelium, thymus, nervous system, and placenta among others [17–19];
Gal2 is expressed in smooth muscle cells and macrophages [20] and can be secreted in the gastrointestinal
tract [21]; Gal3 is expressed in heart, kidney, vascular tissue, and macrophages [22]; Gal4 is mainly
expressed in epithelial cells of the intestinal tract [23]; Gal9 is expressed in lymph nodes, bone marrow,
thymus, and spleen [24,25] and Gal12 and Gal9 are expressed in adipose tissue [26]. Galectins are also
involved in distinct physiological processes, such as embryogenesis, tissue regeneration, differentiation,
vascularization, and immune response during inflammation and tolerance [16,27]. Depending on
their cellular localization (nuclear, cytosolic, or extracellular), galectins can be involved in different
functions, including RNA splicing, apoptotic signaling, endocytosis, glycan-binding mediated cell–cell
or cell–ECM adhesion, and immune regulation, among others [28].

At the intracellular level, galectins are present both in cytosolic and nuclear location, where
they can regulate several cellular functions. For instance Gal1 and Gal3 can interact with Ras or
Bcl-2 regulating cellular growth and apoptosis [29]. They can also be secreted to the extracellular
compartment through a non-canonical secretory pathway that is still not well understood [30,31].
Extracellularly, galectins can bind glycan structures such as disaccharide N-acetyllactosamine (LacNAc)
present in glycosylated membrane receptors and ECM proteins. Glycan binding affinities are different
for each galectin explaining why they have distinct biological activities [32]. The variation on glycan
recognition are mainly due to N-glycan branching, multiplicity of LacNAc residues or terminal
modifications such as fucosylation or sialylation [32]. In fact, it has been reported that integrin
sialylation inhibits cell adhesion to Gal3 and modifies cell invasive capacity, likely via Rho-GTPase [33].
Moreover, O-glycan sialylation confers chemotherapy resistance by reducing the binding of Gal3 to
cell surface glycosylated receptors in gastric cancer cells [34].
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Gal1 was the first protein described in the galectin family. It binds to α2,3-sialylated or
non-sialylated complex N-glycans containing poly-(LacNAc) residues. Gal1 can bind to proteins of
the ECM, such as laminin and fibronectin. It is also found in the cell membrane of a wide variety
of cell types bound to several receptors, such as integrin α5β1 in epithelial cells, GM1 glycolipid in
neuronal cells, and CD45, CD43, and CD7 in immune cells [17,35]. Gal1 contributes to several cellular
physiological functions, such as cell growth, migration, adhesion, motility, and T-cell homeostasis [17].
Gal3 is a 31-KDa protein and the only member of the galectin chimeric subfamily. It recognizes
poly-LacNAc residues present in different glycolipids and glycoproteins and shows high specificity
for internal LacNac motifs [36]. This lectin is mainly involved in cell proliferation, apoptosis [37],
and in the immune system modulation [35,38]. Gal4 belongs to the tandem-repeat subfamily, with
two CRD domains in a single peptide chain. It is mainly regulating lipid raft stabilization, protein
apical trafficking, intestinal wound healing, neuron axon growth and myelination [23]. Gal4 also is
involved in inflammatory intestinal diseases and some cancers [23,39]. Gal9 is a tandem repeat member
that participates in tolerogenic macrophage programming and adaptive immune suppression [40],
cytokine production [41] and T-cell signal transduction and apoptosis [42,43]. Gal9 has several partners,
including dectin-1, TIM-3, and CD40, which are mainly involved in immunomodulatory effects [32,44].
Importantly, Gal9 has been described as an immune checkpoint [45].

3. Galectins in Cancer

Gal1 and Gal3 expression have been described to be altered in some tumors contributing to tumor
cell proliferation, differentiation, and metastases [17,27,37,46]. In addition, Gal4 has been associated
with many cancers having contradictory roles according to each cellular type, although its role has not
been fully elucidated [23]. For instance, Gal4 is decreased in tumors and acts as a tumor suppressor in
colorectal [47], hepatocellular [48], and pancreatic carcinomas [49], whereas it functions as a tumor
promoter in lung cancer [50]. Finally, Gal9 expression has been reported in several solid tumors, such
as melanoma [51], breast [52], and hepatocellular carcinomas [53], linking it to better prognosis and/or
anti-metastatic potential due to its ability to block adhesion to endothelium and ECM [54]. Interestingly,
in lung cancer, low Gal9 levels in tumor cells, or high Gal9 levels in T-lymphocytes, are correlated with
poor prognosis [55]. Other studies have reported the relevance of Gal9/Tim-3 interaction in tumor
immune evasion [56].

Interestingly, emerging data have demonstrated crucial functions of galectins, from both tumor
and stroma cells, in PDA progression, such as a key role in modulating tumor immune escape, as we
will describe in the next sections.

4. Galectin-1 and Its Role in Pancreatic Cancer

Gal1 is absent from healthy pancreas tissue; however, it is expressed in pancreatitis, and its
expression increases in pancreatic tumors [57–60]. Notably, Gal1 expression in human PDA is restricted
to tumor stroma, and, in particular, to activated PSCs [58–62]. Similar patterns of Gal1 expression
are observed in genetically engineered mouse PDA models, where Gal1 levels are increased in the
stroma of pancreatic tumors [62,63]. These data suggest that Gal1 plays a role in pancreatic cancer
biology. In fact, the intensity of Gal1 staining of pancreatic tissue positively correlates with tumor size,
perineural invasion, tumor stage, and metastases [58].

Gal1 expressed by activated PSCs has autocrine and paracrine functions in PDA (Figure 1,
Table 1). Activated PSCs lose their fat droplets and increase their levels of α-SMA, an actin involved in
fibrogenesis, and of Gal1, acquiring a more fibroblast like appearance [61,64]. In turn, downregulation
of Gal1 in human activated PSCs reprograms these cells to a more quiescent phenotype [65].
Gal1-mediated activation of PSCs has been related to different signaling pathways, such as ERK, which
is phosphorylated after Gal1 exposure [64,66], and TGFβ1/Smad [67]. Gal1 secreted by activated PSCs
also induces paracrine effects in epithelial tumor cells. Increased invasiveness of the pancreatic cancer
cell line CFPAC-1 is observed after exposure to recombinant Gal1 (rGal1) [61]. Similarly, migration
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and invasion of the RWP1 pancreatic cancer cell line was induced by conditioned media from human
PSCs but not if they had been depleted for Gal1 [65]. Invasion and migration can be stimulated by
increased levels of vimentin, MMP-9, and MMP-2 as well as by decreased levels of E-cadherin, induced
by extracellular Gal1 in epithelial tumor cells [67,68]. Paracrine effects of Gal1 secreted by PSC are also
observed in pancreatic tumor cell growth. Pancreatic tumor cells co-cultured with Gal1-overexpressing
PSCs show significantly higher proliferation rates than those co-cultured in the presence of PSC
with decreased Gal1 expression [61,67,68]. Likewise, conditioned media from human PSC increases
RWP1 cell proliferation while Gal1 depleted PSC does not [65]. Further, rGal1 induces proliferation of
pancreatic cancer cells [64,65].

Stromal-derived Gal1 also contributes in a paracrine way to modulating the immune
microenvironment of pancreatic tumors (Figure 1, Table 1). Co-culturing of PSCs with T-lymphocytes
induces CD3+, CD4+, and CD8+ apoptosis through caspase-9 and caspase-3, while Gal1 knockdown
in PSCs correlates with increased CD4+ and CD8+ T-cell viability [57]. Moreover, Gal1 also alters T-cell
cytokine secretion, favoring Th2 versus Th1 cytokines [57,69]. These in vitro data indicate that Gal1
may contribute to the pancreatic tumor immune escape. Indeed, Gal1 depletion in vivo re-establishes
cancer immune surveillance, as explained below [62,65].

Using c-myc- or KRas-driven mouse models of PDA, and genetic depletion of Gal1 (Gal1 knockout
(KO) mice), we have previously demonstrated that stromal Gal1 is a key mediator of pancreatic
cancer development and progression (Table 1). Thus, Ela-myc tumors in a Gal1 KO background
show a dramatic reduction of acinar-ductal metaplasia [62], a key event in the initiation of pancreatic
malignant transformation [70]. Moreover, Gal1 depletion in these tumors strongly reduces tumor
proliferation, angiogenesis, and stroma activation, while it increases necrosis and tumor-associated
immune response [62]. Accordingly, Ela-myc mice KO for Gal1 have increased survival. Importantly,
Gal1 induces Hh activation both in epithelial tumor cells and activated fibroblasts [62]. Along the same
line, using a KRas-driven pancreatic cancer mouse model that faithfully recapitulates human PDA
progression [71], our group has recently demonstrated that pancreatic tumors developed in a Gal1 KO
background display longer latency and lower metastatic capacity, with an increase in animal survival
of up to 20% [65]. These effects observed after Gal1 depletion are likely mediated by a multi-step
mechanism involving decreased angiogenesis and stroma activation, as well as rescue of immune
surveillance. In this regard, Gal1 KO pancreatic tumors have increased levels of CD3+, CD4+, and
CD8+ T-effector cells together with decreased levels of CD11b+Gr1+ myeloid-derived suppressor cells,
demonstrating that Gal1 overexpressed in PDA favors immune privilege [65].

The relevance of Gal1 in tumor-stroma crosstalk during PDA progression has also been
demonstrated in xenograft experiments using human pancreatic tumor cells and activated PSC.
Specifically, co-injection of tumor cells together with activated PSCs (which express high levels
of Gal1) leads to increased tumor size and metastasis as compared to injecting tumor cells alone;
correspondingly, depletion of Gal1 in the co-injected PSCs significantly reduces tumor growth and
size [58,65,68]. Mechanistically, microarray studies have suggested candidate genes and pathways that
are potentially involved in these effects on growth and metastasis, such as STAT and Hh signaling,
IL1A, MMP-1, and ANK3 [62,65]. Moreover, increased metastasis formation could also be due to the
axis SDF1-CXCR4 [72].

In summary, increasing evidence demonstrates that Gal1 is highly expressed in PDA, in particular
by activated PSCs, and plays important roles in the tumor microenvironment crosstalk that drives
pancreatic tumorigenesis and progression.

5. Galectin-3 and Its Role in Pancreatic Cancer

Gal3 is not detected in normal pancreas but is overexpressed in around 85% of PDA samples [73,74],
correlating with human pancreatic disease progression [75]. Gal3 expression is also increased in
chronic pancreatitis, although to a lesser extent than in PDA [75–77]. Further, in a KRas genetic mouse
PDA model, Gal3 is overexpressed in pancreatic tumors but absent from normal tissue, mirroring the
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expression pattern found in humans [76]. Gal3 in PDA is mostly expressed in epithelial tumor cells,
where it is mainly cytoplasmic with weakly detectable levels in nuclei and occasionally in stromal
cells [73,74].

Similar to Gal1, Gal3 plays an important role in stimulating pancreatic cell proliferation both in an
autocrine and in a paracrine way (Figure 1, Table 1). In vitro blockade of Gal3 using antibodies [78],
interfering RNA [76,79], or chemical inhibitors [80,81] impairs proliferation, migration, invasion, and
anchorage-independent growth of several pancreatic cancer cell lines, underscoring the contribution of
Gal3 to tumor progression (Table 1). Secreted Gal3 also mediates tumor–stroma crosstalk impacting on
PSC in a paracrine way (Figure 1). Thus, recombinant Gal3 (rGal3) added to PSC as well as Gal3 secreted
by pancreatic tumor cells induces PSC proliferation [74,78]. In addition, conditioned medium from
BxPC-3 overexpressing Gal3 increases PSC proliferation, migration, and invasion, whereas conditioned
medium of PANC-1 downregulated for Gal3 has the opposite effect, as compared to conditioned
medium from control cells [74]. Gal3 also induces PSC expression of α-SMA and ECM proteins,
such as collagen1A1, collagen4A1, and fibronectin, indicating that Gal3 promotes PSC activation [74].
Moreover, PSC treated with rGal3 secrete more pro-inflammatory cytokines, such as IL8, IL6, CXCL1,
CCL2, and GM-CSF, thereby contributing to maintaining their activated state and to promoting PDA
progression (Figure 1). Interestingly, overexpression of Gal3 and some of these cytokines can also be
observed in the human GEO database in patient samples as compared to control tissue [74].

In vivo, Gal3 inhibition has a significant impact on tumor growth (Table 1). Mice orthotopically
injected with pancreatic cancer cells knocked down for Gal3 show smaller tumors than those injected
with control cells. Immunohistochemical analysis of Gal3 knocked-down tumors confirmed that
expression of Gal3 as well as of Ras and p-ERK, are reduced. Furthermore, metastases are only present
in mice injected with control cells [76]. Along the same line, tumor growth and weight in mice were
significantly reduced in PDAC xenografts as well as in PDAC patient-derived xenograft mice models
after treatment with RN1—a polysaccharide Gal3 inhibitor—as compared to vehicle-treated mice [80].
Similar results were obtained with HH1-1, a novel Gal3 inhibitor: treating either mice injected with
BxPC-3 or patient-derived xenograft mice with HH1-1 leads to reduced tumor sizes and weights [81].
Finally, Zhao et al. assessed another Gal3 inhibitor, MCP, that also impairs tumor growth and metastasis
of PANC-1 injected mice [74].

These studies have shed some light on the mechanisms underlying Gal3-mediated functions in
pancreatic cancer. In particular, after Gal3 silencing in PANC-1 cells, there is a reduction of Akt and
GSK-3β phosphorylation and a subsequent downregulation of β-catenin expression, which results in
decreased cell migration and invasion [79]. In addition, Gal3 binds and activates EGFR in pancreatic
tumor cells, triggering MEK/ERK, BMP/Smad/Id-3, and integrin/FAK/JNK downstream signaling
pathways [80]. Accordingly, the above-mentioned RN1 inhibitor blocks Gal3 binding to EGFR, thereby
abolishing EGFR activation, decreasing ERK and MEK phosphorylation, and downregulating Runx1
levels (which in turn is a transcription factor of Gal3). Interestingly, MEK and Runx1 inhibition impairs
pancreatic tumor cell growth, suggesting that ERK/Runx1 signaling is involved in the anti-tumor effect
of this Gal3 inhibitor. Moreover, RN1 abolishes Gal3 binding to bone morphogenetic protein receptors
(BMPR)-1A and -2 (thereby reducing Smad 1/5/8 phosphorylation and Id-3) and impairs Gal3 binding
to integrins and subsequent FAK-JNK signaling [80]. In addition, and in line with data mentioned
above, HH1-1 also impairs Gal3 binding to EGFR and subsequently blocks the EGFR/AKT/FOXO3
pathway and decreases levels of Smad1/5/8, Id-1, and β-catenin [81]. Altogether, these results indicate
that the pro-tumor effects of Gal3 in pancreatic cancer epithelial cells are mediated through a crosstalk
of these different signaling pathways. Moreover, Gal3-mediated induction of IL8 secretion in PSCs is
suppressed by an NF-kB inhibitor, indicating that Gal3 stimulates IL8 secretion by PSCs through the
NF-kB signaling pathway [74]. Another study has reported that Gal3 can interact with LI-cadherin,
a unique member of the cadherin superfamily that is detected in 82% of pancreatic carcinomas and
positively correlates with tumor differentiation and increased survival. Remarkably, these two proteins
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co-localize by immunohistochemistry in PDA tissue sections, suggesting that Gal3–LI-cadherin binding
plays a role in pancreatic cancer [82].

Gal3 has a key role in tumor immune escape by affecting different immune cell types [32,83] and
has been introduced to the list of immune checkpoints due to its interaction with LAG-3 and links to
T-cell exhaustion [45]. Importantly, Gal3 is involved in TCR clustering [84] and induces T-cell apoptosis
via interactions with CD45 and CD71 [85]. Further, it is a marker of M2 macrophage activation [86,87]
and maintains a macrophage fate by binding to CD98 and triggering PI3K activation [86]. Interestingly,
in preclinical trials, Gal3 blockade in solid tumors together with PD1/PDL1 checkpoint inhibition or
T-cell agonists boost an immunologic response against tumors, resulting in tumor regression [88].

Gal3 impairs IFN-γ secretion by CD4+ and CD8+ T lymphocytes; indeed, GCS-100 combined
with therapeutic vaccination promotes cytotoxicity and cytokine secretion, resulting in increased tumor
rejection [88]. Interestingly, ascites of pancreatic cancer patients were included in the work of Demotte
et al. proving in vitro that GCS-100 boosts IFN-γ secretion by CD8+ TILS, which exhibited significant
cytotoxicity [88] (Table 1). Gal3 also popped up as a target of the immune response when Kouo and
colleagues interrogated sera from PDA patients enrolled in a phase II study before and after receiving
GM-CSF vaccines and compared responders to non-responders [38] (Table 1). Intriguingly, purified
IgGs only from post-vaccine patient serum attenuated IFN-γ reduction induced by rGal3, due to the
presence of neutralizing antibodies against this protein [38].

Therefore, Gal3 is overexpressed in PDA and mainly secreted by tumor cells, promoting tumor
progression by autocrine direct effects on tumor cell proliferation, invasion, and migration as well as
paracrine effects in the stroma by promoting activation of PSCs and negative modulation of anti-tumor
immune response.

6. Galectin-4 and Its Role in Pancreatic Cancer

In pancreas, Gal4 levels are almost absent from normal tissue, whereas its strong expression has
been reported in pancreatic cancer cell lines and tumors. Gal4 staining is found in 80% of tumor
cells, mainly localized in cytoplasmic and nuclear compartments. Kuhlmann et al. reported that
Gal4 is overexpressed in the exocrine molecular subtype of pancreatic ductal adenocarcinoma [89].
Interestingly, Gal4 levels in human tumors inversely correlate with the presence of lymph node
metastases: 70% of patients with lymph node metastases have low levels of Gal4, while those with
high Gal4 levels display less metastases. Moreover, tumors with lower Gal4 levels show a tendency to
have increased vascular infiltration [49]. Importantly, Gal4 expression positively correlates with 1- and
3-year overall survival [90]. These data suggest that, in contrast to Gal1 and Gal3, Gal4 may play a
tumor suppressor role in PDA.

Studies using human PDA cell lines also support a tumor suppressor role for Gal4 (Figure 1,
Table 1). Pa-Tu-8988S, a pancreatic cell line with high Gal4 levels, has a low metastatic capacity as
compared to Pa-Tu-8988T cells, which has low Gal4 levels [91]. Overexpressing Gal4 in Pa-Tu-8988T
significantly decreases in vitro migration in scratch assays as compared to mock cells. In vivo, in
zebrafish embryos, xeno-injection of Pa-Tu-8988T cells overexpressing Gal4 leads to a significant
reduction of metastasis as compared to injecting mock cells [91]. Likewise, an increase of metastases is
observed in zebrafish embryos transplanted with Pa-Tu-8988S siRNA Gal4 cells as compared to mock
cells [91]. These data have been extended using primary cells from PDA patients with different levels
of Gal4. PDAC-1 cells expressing high levels of Gal4 are less invasive and less migratory than PDAC-2
cells, which express lower levels of Gal4 [49]. Correspondingly, Gal4 overexpression in PDAC-2 cells
reduces their migration and invasion capacity compared to control cells while Gal4 downregulation
by siRNA in PDAC-1 increases these activities (Figure 1). Accordingly, in vivo mouse pancreatic
orthotopic injection results in more macroscopic metastases and lower survival times when PDAC-2
cells are injected versus PDAC-1 cells. Interestingly, Gal4 expression correlates with reduced levels of
β-catenin and Wnt signaling inhibition, suggesting that the impairment of migration and invasion
induced by Gal4 are mediated through negative regulation of the Wnt/β-catenin pathway [49].
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In conclusion, Gal4 overexpression in PDA correlates with better prognosis and survival as well as
with a reduction of tumor cell migration, invasion, and metastasis, therefore suggesting its role as a
tumor suppressor in pancreatic cancer.

7. Other Galectins and Their Role in Pancreatic Cancer

The expression and roles of other galectin members in PDA have been poorly explored. Danguy
et al. found lower levels of Gal8 in malignant pancreatic tumors compared to normal or benign
pancreatic tissue, suggesting Gal8 as a possible immunohistochemical diagnostic marker for pancreas
malignancy [92]. On the other hand, Gal7 levels are upregulated in gemcitabine-treated pancreatic
tumor cells as compared to non-treated cells, suggesting a possible role for Gal7 in chemotherapy
resistance [93].

Gal9 has also been studied in PDA progression, as it is expressed in both leukocytes and
tumor cells [40]. Anti-Gal9 antibodies significantly produce tumor regression of PDA cells injected
subcutaneously into mice and increases survival in a KPC mice model that expresses Gal9 in cancer
cells and some intratumoral myeloid cells [40]. Interestingly, either Gal9 or PD1 blockade results
in a better T-cell activation. In fact, Gal9 blockade enhances intra-tumoral T-cell activation in PDA
but not when dectin-1 (a Gal9-binding partner present in macrophages) is deleted, indicating that a
Gal9/dectin axis is involved in CD4+ and CD8+ T-cell reprogramming [40]. Gal9 inhibition is also
associated with immunogenic reprogramming of tumor-associated macrophages (TAMs) in PDA
(Figure 1, Table 1) [40]. Finally, Gal9 is involved in PDA immunotherapy resistance, with recent data
showing that Gal9 inhibition enhances chimeric antigen receptor (CAR) T-cell cytotoxicity [94] (Table 1).

8. Clinical Opportunities

Taking into account the relevance of galectins in PDA progression, their frequent overexpression in
this tumor, and their hallmark of being soluble secreted molecules, these proteins emerge as promising
biomarkers for pancreatic cancer as well as novel therapeutic targets.

Gal1 is often upregulated in PDA tissues as compared to normal tissues, and it correlates with
histology, T-stage, and N-stage [95]. Low expression of stromal Gal1 detected by immunostaining
in PDA tissue samples is associated to long-term survival [96], highlighting the potential of Gal1
expression as a biomarker for pancreatic cancer diagnosis and prognosis. Interestingly, plasma Gal1
levels detected by ELISA are found to be significantly increased in patients with PDA as compared to a
control group, underscoring the potential of using circulating Gal1 levels as a diagnosis biomarker [59].
In addition, using a combination of Gal1 and CA19-9 markers decreases the ratio of false-negatives and
increases sensitivity and specificity, suggesting that Gal1 could be used as a complementary plasma
biomarker for PDA diagnosis [59]. High Gal1 levels are related to lower patient survival [59,96,97],
suggesting a role for circulating Gal1 as a prognostic marker. Similarly, Gal3 is overexpressed in PDA
tissue samples and not expressed in normal pancreas [73,74]. Gal3 levels in plasma of PDA patients
have been found to be significantly higher than in a control group, suggesting also the possible role of
Gal3 as a biomarker [73]. Finally, serum samples from PDA patients have higher levels of Gal9 than
healthy controls, suggesting also new diagnosis roles for Gal9 [98].

In addition to potential roles as cancer biomarkers, galectins also present a huge potential for
developing novel therapies for PDA. In fact, the in vitro and in vivo results discussed above that have
used genetic strategies to inhibit different galectin members (and in particular, Gal1, Gal3, or Gal9)
have consistently demonstrated that depletion of these proteins impairs tumor progression, building
the foundations for developing pharmacological inhibitors that could translate these results to cancer
patients. Galectin inhibitors have recently emerged as exciting new therapeutic approaches for the
treatment of different tumors, either as single agents or in combination with other therapies. These
new drugs may involve specific monoclonal antibodies, small molecules, or competitive carbohydrate
derivatives. OTX008, a selective small molecule Gal1 inhibitor, has been preclinically tested and shown
to inhibit tumor growth in human glioblastoma and ovarian cancer [99], head and neck squamous
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carcinoma [100], and hepatocellular carcinoma [101]. These results have led to a phase I clinical trial to
evaluate the effects of OTX008 in advanced solid tumors [102]. Another galectin inhibitor, GM-CT-01
(DAVANAT), a modified galactomannan oligomer that binds Gal1 and Gal3, in combination with 5-FU,
successfully completed phase II clinical trials for patients with colon cancer showing increased survival
and reduced serious adverse effects compare to Best Standard of Care [103]. In addition, GR-MD-02
(a modified version of GM-CT-01) is currently being testing in combination with anti-PD1/PDL1
immune checkpoints in melanoma patients with encouraging preliminary results [104,105] reported
by the company. Some inhibitors of Gal3, such as G3-C12, which have been tested in breast, colon,
and prostate xenografts have been shown to reduce metastasis and lead to tumor regression [102].
GCS-100, which is derived from modified citrus pectin, also inhibits Gal3 and has been tested in a
phase II clinical trial of patients with chronic lymphocytic leukemia, with an overall good tolerance
and partial response in some patients [102]. Despite these encouraging results, further studies and the
inclusion of patients with PDA are required to better understand the impact of galectin inhibitors in
the treatment of this disease.

Taking into account the galectin panel and their altered expression in pancreatic cancer, together
with the hints derived from preclinical studies, there is rationale to propose galectins as plausible targets
in this tumor type. Besides, several studies have suggested a possible synergistic effect of targeting
galectins together with chemotherapy administration in cancer. Interestingly, it has been reported that
chemotherapy can induce Gal3 which participates in multidrug resistance processes by binding to
Na+/K+-ATPase and P-glycoprotein [106,107]. Moreover, Gal1 downregulation in lung and ovarian
cancer cells by shGal1 and siGal1, respectively, have shown to significantly decrease viability after
cisplatin treatment in comparison to control transfected cells, suggesting that Gal1 depletion enhances
sensitivity to cisplatin [108,109]. Similarly, Gal3 downregulation by siRNA enhances chemotherapy
response of pancreatic cell lines in vitro. Moreover, in vivo gemcitabine treatment of pancreatic tumor
xenografts shows higher reduction of tumor burden after Gal3 siRNA intratumoral injection [110].
These data suggest that the combination of Gal1 or Gal3 inhibitors with standard chemotherapy could
enhance its efficacy and benefit PDA patients.

Galectins have also been related to immunotherapy resistance. Intriguingly, due to the contribution
of some galectins in conferring immune privilege, targeting these lectins or the galectin/ligand axis in
tumors, either alone or in combination with other therapies, could potentially restore the anti-tumor
immunity. Indeed, Gal1 selectively recognizes and eliminates Th1 and Th17 cells due to their particular
glycosylation pattern [111]. Remarkably, blockade of Gal1 with monoclonal antibodies increase
CD4+ CD8+ tumor infiltrating lymphocytes in melanoma [112] and lung cancer through T-cell
proliferation and the induction of tumor-specific T1-type immunologic response in lymph nodes [35].
Gal1 is also known to mediate CD20 immunotherapy resistance in a preclinical mouse model of
non-Hodgkin lymphoma. The high levels of this lectin in human lymphomas suggest that Gal1 may
also hamper CD20 immunotherapy in patients [113]. Recent data have shown that head and neck
cancer can have Gal1-driven resistance to immunotherapy, and that Gal1 inhibition with CRISPR/Cas9
or an antibody enhances anti-PD1 therapy, suggesting that a combination of Gal1 inhibitors and
α-PD1/PDL1 immune checkpoint synergize for cancer treatment [114]. Resistance to immunotherapy
mediated by Gal1 takes place through upregulation of PD-L1 and Gal9 in the endothelium, resulting in
impaired T-cell infiltration [114]. In lung cancer, accumulation of Tim-3-expressing lymphoid cells and
Gal9-expressing monocytic myeloid derived suppressor cells positively correlates with resistance to
anti-PD1 immunotherapy. Accordingly, resistance to anti-PD-1 can be overcome by in vitro blockade of
the Gal9/Tim3 pathway [115]. Emerging data are also addressing how Gal3 inhibition could potentiate
immunotherapy efficiency. For instance, treatment with a small molecule inhibitor targeting Gal3
(GB1107) boosts anti-PD-L1 therapy in lung adenocarcinoma preclinical assays by promoting CD8+

T-cell infiltration and M1 macrophage polarization [116]. In melanomas, ex vivo expansion of T-cells
for adoptive cell transfer therapy was directly related to the amount of Gal3 secreted by tumor cells
and blocking the lectin enhanced T-cell activation [117].
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Finally, several phase I clinical trials have been designed to treat patients with Gal3 inhibitors
together with immunotherapy in different tumor types, including, non-small cell lung cancer, squamous
cell head and neck cancers [105], and melanoma [104], the latter of which has given promising results.

Altogether, PDA preclinical studies together with ongoing clinical trials in other tumors indicate
that galectin inhibitors can offer promising opportunities for pancreatic cancer therapeutic interventions,
either alone or combined with current chemo- and/or immunotherapies. While this is potentially great
news, it is still too soon to celebrate, as important aspects first need to be taken into consideration.
For example, development of selective inhibitors is challenging because several galectin members
display high homology, in particular in their CRDs, which play a major role in ligand recognition.
Moreover, tumors can express different galectin members with overlapping functions; therefore, tumors
can compensate the blockade effects of selective inhibitors by upregulating another galectin with similar
functions. In fact, this has been reported for Gal1 and Gal3 in PDA [118]. Therefore, we first require
an exhaustive information base covering the entire picture of galectins and their specific functions
in PDA. On the other hand, galectin inhibition using broad spectrum inhibitors (i.e., inhibiting more
than one member) may result in severe adverse effects especially given the key physiological role
of these proteins in immune system regulation. Thus, although translation of preclinical studies in
PDA using galectin blockade seems promising for patients, we should proceed with caution when
considering if and how to implement this strategy for clinical interventions. In contrast, analyzing
galectins (from either tissue samples or blood) as novel methods for diagnostics, prognostics, or even
predictors of therapy response biomarkers seems to be a more realistic strategy for rapidly translating
the already generated basic research to bedside.
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Figure 1. Expression and role of galectins in pancreatic cancer. The most important roles for Gal1,
Gal3, Gal4, and Gal9 in pancreatic cancer are shown. Gal1, mainly expressed in pancreatic stellate cells
(PSCs), has been reported to play an autocrine role in PSC activation as well as a paracrine role inducing
tumor cell proliferation, invasion, migration, T-cell apoptosis, and Th2 cytokine secretion. Gal3, which
is expressed in tumor epithelial cells, is associated to tumor cell migration, invasion, PSC activation,
and immune response modulation. On the other hand, Gal4, expressed in tumor cells, inhibits tumor
cell migration and invasion. Finally, Gal9 has been related to tumor-associated macrophage (TAM)
reprogramming and inhibition of T-cell activation.
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Table 1. The expression of galectins and their main functions in pancreatic ductal adenocarcinoma (PDA).

Galectin Role Expression Functions References

Gal1 Pro-tumoral Stroma Increase cell proliferation [58,61,62,64–68]
Induce migration and

invasion [58,61,65–68]

Enhance angiogenesis [62,65]
Immune evasion [57,62,65,69]

Induce acinar to ductal
metaplasia [62]

Gal3 Pro-tumoral Tumor epithelial
cells Increase tumor cell growth [74,76,78–81]

Increase migration and
invasion [74,76,78–81]

Immune escape [38,88]

Gal4 Tumor suppressor Tumor epithelial
cells

Decrease migration and
invasion [49,90,91]

Gal9 Pro-tumoral Tumor epithelial
cells Immune reprogramming [40,94]
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the trophoblast of the gestational trophoblastic disease. Placenta 2004, 25, 797–802. [CrossRef]

20. Yang, R.Y.; Rabinovich, G.A.; Liu, F.T. Galectins: Structure, function and therapeutic potential. Expert Rev.
Mol. Med. 2008, 10, e17. [CrossRef]

21. Thomsen, M.K.; Hansen, G.H.; Danielsen, E.M. Galectin-2 at the enterocyte brush border of the small intestine.
Mol. Membr. Biol. 2009, 26, 347–355. [CrossRef]

22. Kim, H.; Lee, J.; Hyun, J.W.; Park, J.W.; Joo, H.; Shin, T. Expression and immunohistochemical localization of
galectin-3 in various mouse tissues. Cell Biol. Int. 2007, 31, 655–662. [CrossRef] [PubMed]

23. Cao, Z.Q.; Guo, X.L. The role of galectin-4 in physiology and diseases. Protein Cell 2016, 7, 314–324. [CrossRef]
[PubMed]

24. Wada, J.; Kanwar, Y.S. Identification and characterization of galectin-9, a novel beta-galactoside-binding
mammalian lectin. J. Biol. Chem. 1997, 272, 6078–6086. [CrossRef] [PubMed]

25. Matsumoto, R.; Matsumoto, H.; Seki, M.; Hata, M.; Asano, Y.; Kanegasaki, S.; Stevens, R.L.; Hirashima, M.
Human ecalectin, a variant of human galectin-9, is a novel eosinophil chemoattractant produced by T
lymphocytes. J. Biol. Chem. 1998, 273, 16976–16984. [CrossRef]

26. Nio-Kobayashi, J. Tissue- and cell-specific localization of galectins, β-galactose-binding animal lectins, and
their potential functions in health and disease. Anat Sci. Int. 2017, 92, 25–36. [CrossRef]

27. Johannes, L.; Jacob, R.; Leffler, H. Galectins at a glance. J. Cell Sci. 2018, 131. [CrossRef]
28. Di Lella, S.; Sundblad, V.; Cerliani, J.P.; Guardia, C.M.; Estrin, D.A.; Vasta, G.R.; Rabinovich, G.A. When

galectins recognize glycans: From biochemistry to physiology and back again. Biochemistry 2011, 50,
7842–7857. [CrossRef]

29. Yang, R.Y.; Hsu, D.K.; Liu, F.T. Expression of galectin-3 modulates T-cell growth and apoptosis. Proc. Natl.
Acad. Sci. USA 1996, 93, 6737–6742. [CrossRef]

30. Hughes, R.C. Secretion of the galectin family of mammalian carbohydrate-binding proteins. Bioch Biophy
Acta General Sub. 1999, 1473, 172–185. [CrossRef]

31. Popa, S.J.; Stewart, S.E.; Moreau, K. Unconventional secretion of annexins and galectins. Semin. Cell Dev.
Biol. 2018, 83, 42–50. [CrossRef]

32. Rabinovich, G.A.; Toscano, M.A. Turning “sweet” on immunity: Galectin-glycan interactions in immune
tolerance and inflammation. Nat. Rev. Immu. 2009, 9, 338–352. [CrossRef] [PubMed]

33. Suzuki, O.; Abe, M.; Hashimoto, Y. Sialylation and glycosylation modulate cell adhesion and invasion to
extracellular matrix in human malignant lymphoma: Dependency on integrin and the Rho GTPase family.
Int. J. Oncol. 2015, 47, 2091–2099. [CrossRef] [PubMed]

34. Santos, S.N.; Junqueira, M.S.; Francisco, G.; Vilanova, M.; Magalhães, A.; Baruffi, M.D.; Chammas, R.;
Harris, A.L.; Reis, C.A.; Bernardes, E.S. O-glycan sialylation alters galectin-3 subcellular localization and
decreases chemotherapy sensitivity in gastric cancer. Oncotarget 2016, 7, 83570–83587. [CrossRef] [PubMed]

35. Rabinovich, G.A.; Conejo-García, J.R. Shaping the Immune Landscape in Cancer by Galectin-Driven
Regulatory Pathways. J. Mol. Biol. 2016, 428, 3266–3281. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/cgt.2016.66
http://www.ncbi.nlm.nih.gov/pubmed/27910859
http://dx.doi.org/10.3390/cancers10010006
http://dx.doi.org/10.1155/2011/267539
http://dx.doi.org/10.1093/glycob/cwl025
http://dx.doi.org/10.1084/jem.185.10.1851
http://dx.doi.org/10.1016/j.placenta.2004.03.006
http://dx.doi.org/10.1017/S1462399408000719
http://dx.doi.org/10.1080/09687680903167781
http://dx.doi.org/10.1016/j.cellbi.2006.11.036
http://www.ncbi.nlm.nih.gov/pubmed/17222570
http://dx.doi.org/10.1007/s13238-016-0262-9
http://www.ncbi.nlm.nih.gov/pubmed/27017379
http://dx.doi.org/10.1074/jbc.272.9.6078
http://www.ncbi.nlm.nih.gov/pubmed/9038233
http://dx.doi.org/10.1074/jbc.273.27.16976
http://dx.doi.org/10.1007/s12565-016-0366-6
http://dx.doi.org/10.1242/jcs.208884
http://dx.doi.org/10.1021/bi201121m
http://dx.doi.org/10.1073/pnas.93.13.6737
http://dx.doi.org/10.1016/S0304-4165(99)00177-4
http://dx.doi.org/10.1016/j.semcdb.2018.02.022
http://dx.doi.org/10.1038/nri2536
http://www.ncbi.nlm.nih.gov/pubmed/19365409
http://dx.doi.org/10.3892/ijo.2015.3211
http://www.ncbi.nlm.nih.gov/pubmed/26497328
http://dx.doi.org/10.18632/oncotarget.13192
http://www.ncbi.nlm.nih.gov/pubmed/27835877
http://dx.doi.org/10.1016/j.jmb.2016.03.021
http://www.ncbi.nlm.nih.gov/pubmed/27038510


Cells 2020, 9, 689 12 of 16

36. Kamili, N.A.; Arthur, C.M.; Gerner-Smidt, C.; Tafesse, E.; Blenda, A.; Dias-Baruffi, M.; Stowell, S.R. Key
regulators of galectin–glycan interactions. Proteomics 2016, 16, 3111–3125. [CrossRef]

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

38. 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]

39. Rumilla, K.M.; Erickson, L.A.; Erickson, A.K.; Lloyd, R.V. Galectin-4 expression in carcinoid tumors. Endocr.
Pathol. 2006, 17, 243–250. [CrossRef]

40. 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]

41. Anderson, A.C.; Anderson, D.E.; Bregoli, L.; Hastings, W.D.; Kassam, N.; Lei, C.; Karman, J.; Su, E.W.;
Hirashima, M.; Bruce, J.N.; et al. Promotion of tissue inflammation by the immune receptor Tim-3 expressed
on innate immune cells. Science 2007, 318, 1141–1143. [CrossRef]

42. Fujita, K.; Iwama, H.; Oura, K.; Tadokoro, T.; Samukawa, E.; Sakamoto, T.; Nomura, T.; Tani, J.; Yoneyama, H.;
Morishita, A.; et al. Cancer therapy due to apoptosis: Galectin-9. J. Mol. Sci. 2017, 18, 74. [CrossRef]

43. Zhu, C.; Anderson, A.C.; Schubart, A.; Xiong, H.; Imitola, J.; Khoury, S.J.; Zheng, X.X.; Strom, T.B.;
Kuchroo, V.K. The Tim-3 ligand galectin-9 negatively regulates T helper type 1 immunity. Nat. Immunol.
2006, 6, 1245–1252. [CrossRef] [PubMed]

44. Chou, F.C.; Chen, H.Y.; Kuo, C.C.; Sytwu, H.K. Role of galectins in tumors and in clinical immunotherapy.
J. Mol. Sci. 2018, 19, 430. [CrossRef] [PubMed]

45. Melero, I.; Berman, D.M.; Aznar, M.A.; Korman, A.J.; Gracia, J.L.P.; Haanen, J. Evolving synergistic
combinations of targeted immunotherapies to combat cancer. Nat. Rev. Cancer 2015, 15, 457–472. [CrossRef]
[PubMed]

46. Martínez-Bosch, N.; Rodriguez-Vida, A.; Juanpere, N.; Lloreta, J.; Rovira, A.; Albanell, J.; Bellmunt, J.;
Navarro, P. Galectins in prostate and bladder cancer: Tumorigenic roles and clinical opportunities. Nat. Rev.
Urol. 2019, 16, 433–445. [CrossRef]

47. Rechreche, H.; Mallo, G.V.; Montalto, G.; Dagorn, J.C.; Iovanna, J.L. Cloning and expression of the mRNA of
human galectin-4, an S-type lectin down-regulated in colorectal cancer. Eur. J. Biochem. 1997, 248, 225–230.
[CrossRef]

48. Cai, Z.; Zeng, Y.; Xu, B.; Gao, Y.; Wang, S.; Zeng, J.; Chen, L.; Huang, A.; Liu, X.; Liu, J. Galectin-4 serves as a
prognostic biomarker for the early recurrence / metastasis of hepatocellular carcinoma. Cancer Sci. 2014, 105,
1510–1517. [CrossRef]

49. Maftouh, M.; Belo, A.I.; Avan, A.; Funel, N.; Peters, G.J.; Giovannetti, E.; Van Die, I. Galectin-4 expression is
associated with reduced lymph node metastasis and modulation of Wnt/β-catenin signalling in pancreatic
adenocarcinoma. Oncotarget 2014, 5, 5335–5349. [CrossRef]

50. Hayashi, T.; Saito, T.; Fujimura, T.; Hara, K.; Takamochi, K.; Mitani, K.; Mineki, R.; Kazuno, S.; Oh, S.; Ueno, T.;
et al. Galectin-4, a novel predictor for lymph node metastasis in lung adenocarcinoma. PLoS ONE 2013, 8,
e81883. [CrossRef]

51. Kageshita, T.; Kashio, Y.; Yamauchi, A.; Seki, M.; Abedin, M.J.; Nishi, N.; Shoji, H.; Nakamura, T.; Ono, T.;
Hirashima, M. Possible role of galectin-9 in cell aggregation and apoptosis of human melanoma cell lines
and its clinical significance. Int. J. cancer 2002, 99, 809–816. [CrossRef]

52. Irie, A.; Yamauchi, A.; Kontani, K.; Kihara, M.; Liu, D.; Shirato, Y.; Seki, M.; Nishi, N.; Nakamura, T.;
Yokomise, H.; et al. Galectin-9 as a prognostic factor with antimetastatic potential in breast cancer. Clin
Cancer Res. 2005, 11, 2962–2968. [CrossRef] [PubMed]

53. 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]

54. Nobumoto, A.; Nagahara, K.; Oomizu, S.; Katoh, S.; Nishi, N.; Takeshita, K.; Niki, T.; Tominaga, A.;
Yamauchi, A.; Hirashima, M. Galectin-9 suppresses tumor metastasis by blocking adhesion to endothelium
and extracellular matrices. Glycobiology 2008, 18, 735–744. [CrossRef]

http://dx.doi.org/10.1002/pmic.201600116
http://dx.doi.org/10.1038/nrc1527
http://dx.doi.org/10.1158/2326-6066.CIR-14-0150
http://dx.doi.org/10.1385/EP:17:3:243
http://dx.doi.org/10.1038/nm.4314
http://dx.doi.org/10.1126/science.1148536
http://dx.doi.org/10.3390/ijms18010074
http://dx.doi.org/10.1038/ni1271
http://www.ncbi.nlm.nih.gov/pubmed/16286920
http://dx.doi.org/10.3390/ijms19020430
http://www.ncbi.nlm.nih.gov/pubmed/29389859
http://dx.doi.org/10.1038/nrc3973
http://www.ncbi.nlm.nih.gov/pubmed/26205340
http://dx.doi.org/10.1038/s41585-019-0183-5
http://dx.doi.org/10.1111/j.1432-1033.1997.00225.x
http://dx.doi.org/10.1111/cas.12536
http://dx.doi.org/10.18632/oncotarget.2104
http://dx.doi.org/10.1371/journal.pone.0081883
http://dx.doi.org/10.1002/ijc.10436
http://dx.doi.org/10.1158/1078-0432.CCR-04-0861
http://www.ncbi.nlm.nih.gov/pubmed/15837748
http://dx.doi.org/10.1080/2162402X.2016.1273309
http://www.ncbi.nlm.nih.gov/pubmed/28344887
http://dx.doi.org/10.1093/glycob/cwn062


Cells 2020, 9, 689 13 of 16

55. He, Y.; Jia, K.; Dziadziuszko, R.; Zhao, S.; Zhang, X.; Deng, J.; Wang, H.; Hirsch, F.R.; Zhou, C. Galectin-9 in
non-small cell lung cancer. Lung Cancer 2019, 136, 80–85. [CrossRef]

56. 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]

57. Tang, D.; Yuan, Z.; Xue, X.; Lu, Z.; Zhang, Y.; Wang, H.; Chen, M.; An, Y.; Wei, J.; Zhu, Y.; et al. High
expression of Galectin-1 in pancreatic stellate cells plays a role in the development and maintenance of an
immunosuppressive microenvironment in pancreatic cancer. Int. J. cancer 2012, 130, 2337–2348. [CrossRef]

58. Tang, D.; Zhang, J.; Yuan, Z.; Gao, J.; Wang, S.; Ye, N.; Li, P.; Gao, S.; Miao, Y.; Wang, D.; et al. Pancreatic satellite
cells derived galectin-1 increase the progression and less survival of pancreatic ductal adenocarcinoma. PLoS
ONE 2014, 9, e90476. [CrossRef]

59. Martinez-Bosch, N.; Barranco, L.E.; Orozco, C.A.; Moreno, M.; Visa, L.; Iglesias, M.; Oldfield, L.;
Neoptolemos, J.P.; Greenhalf, W.; Earl, J.; et al. Increased plasma levels of galectin-1 in pancreatic cancer:
Potential use as biomarker. Oncotarget 2018, 9, 32984–32996. [CrossRef]

60. Berberat, P.O.; Friess, H.; Wang, L.; Zhu, Z.; Bley, T.; Frigeri, L.; Zimmermann, A.; Büchler, M.W. Comparative
analysis of galectins in primary tumors and tumor metastasis in human pancreatic cancer. J. Histochem.
Cytochem. 2001, 49, 539–549. [CrossRef]

61. Xue, X.; Lu, Z.; Tang, D.; Yao, J.; An, Y.; Wu, J.; Li, Q.; Gao, W.; Xu, Z.; Qian, Z.; et al. Galectin-1 secreted by
activated stellate cells in pancreatic ductal adenocarcinoma stroma promotes proliferation and invasion of
pancreatic cancer cells: An in vitro study on the microenvironment of pancreatic ductal adenocarcinoma.
Pancreas 2011, 40, 832–839. [CrossRef]

62. Martínez-Bosch, N.; Fernández-Barrena, M.G.; Moreno, M.; Ortiz-Zapater, E.; Munné-Collado, J.; Iglesias, M.;
André, S.; Gabius, H.J.; Hwang, R.F.; Poirier, F.; et al. Galectin-1 drives pancreatic carcinogenesis through
stroma remodeling and hedgehog signaling activation. Cancer Res. 2014, 74, 3512–3524. [CrossRef] [PubMed]

63. Roda, O.; Ortiz-Zapater, E.; Martínez-Bosch, N.; Gutiérrez-Gallego, R.; Vila-Perelló, M.; Ampurdanés, C.;
Gabius, H.J.; André, S.; Andreu, D.; Real, F.X.; et al. Galectin-1 is a novel functional receptor for tissue
plasminogen activator in pancreatic cancer. Gastroenterology 2009, 136, 1379–13790. [CrossRef] [PubMed]

64. Fitzner, B.; Walzel, H.; Sparmann, G.; Emmrich, J.; Liebe, S.; Jaster, R. Galectin-1 is an inductor of pancreatic
stellate cell activation. Cell Signal. 2005, 17, 1240–1247. [CrossRef]

65. 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, E3769–E3778. [CrossRef] [PubMed]

66. Masamune, A.; Satoh, M.; Hirabayashi, J.; Kasai, K.; Satoh, K.; Shimosegawa, T. Galectin-1 induces chemokine
production and proliferation in pancreatic stellate cells. Am. J. Physiol. Gastrointest Liver Physiol. 2006, 290,
G729–G736. [CrossRef] [PubMed]

67. Tang, D.; Wu, Q.; Zhang, J.; Zhang, H.; Yuan, Z.; Xu, J.; Chong, Y.; Huang, Y.; Xiong, Q.; Wang, S.; et al.
Galectin-1 expression in activated pancreatic satellite cells promotes fibrosis in chronic pancreatitis/pancreatic
cancer via the TGF-β1/Smad pathway. Oncol. Rep. 2018, 39, 1347–1355. [CrossRef]

68. Tang, D.; Zhang, J.; Yuan, Z.; Zhang, H.; Chong, Y.; Huang, Y.; Wang, J.; Xiong, Q.; Wang, S.; Wu, Q.; et al.
PSC-derived Galectin-1 inducing epithelial-mesenchymal transition of pancreatic ductal adenocarcinoma
cells by activating the NF-κB pathway. Oncotarget 2017, 8, 86488–86502. [CrossRef]

69. Tang, D.; Gao, J.; Wang, S.; Yuan, Z.; Ye, N.; Chong, Y.; Xu, C.; Jiang, X.; Li, B.; Yin, W.; et al. Apoptosis and
anergy of T cell induced by pancreatic stellate cells-derived galectin-1 in pancreatic cancer. Tumour Biol. 2015,
36, 5617–5626. [CrossRef]

70. Parsa, I.; Longnecker, D.S.; Scarpelli, D.G.; Pour, P.; Reddy, J.K.; Lefkowitz, M. Ductal metaplasia of human
exocrine pancreas and its association with carcinoma. Cancer Res. 1985, 45, 1285–1290.

71. Guerra, C.; Schuhmacher, A.J.; Cañamero, M.; Grippo, P.J.; Verdaguer, L.; Pérez-Gallego, L.; Dubus, P.;
Sandgren, E.P.; Barbacid, M. Chronic Pancreatitis Is Essential for Induction of Pancreatic Ductal
Adenocarcinoma by K-Ras Oncogenes in Adult Mice. Cancer Cell 2007, 11, 291–302. [CrossRef]

72. Qian, D.; Lu, Z.; Xu, Q.; Wu, P.; Tian, L.; Zhao, L.; Cai, B.; Yin, J.; Wu, Y.; Staveley-O’Carroll, K.F.; et al.
Galectin-1-driven upregulation of SDF-1 in pancreatic stellate cells promotes pancreatic cancer metastasis.
Cancer Lett. 2017, 397, 43–51. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.lungcan.2019.08.014
http://dx.doi.org/10.1002/hep.25777
http://dx.doi.org/10.1002/ijc.26290
http://dx.doi.org/10.1371/journal.pone.0090476
http://dx.doi.org/10.18632/oncotarget.26034
http://dx.doi.org/10.1177/002215540104900414
http://dx.doi.org/10.1097/MPA.0b013e318217945e
http://dx.doi.org/10.1158/0008-5472.CAN-13-3013
http://www.ncbi.nlm.nih.gov/pubmed/24812270
http://dx.doi.org/10.1053/j.gastro.2008.12.039
http://www.ncbi.nlm.nih.gov/pubmed/19171142
http://dx.doi.org/10.1016/j.cellsig.2004.12.012
http://dx.doi.org/10.1073/pnas.1722434115
http://www.ncbi.nlm.nih.gov/pubmed/29615514
http://dx.doi.org/10.1152/ajpgi.00511.2005
http://www.ncbi.nlm.nih.gov/pubmed/16373424
http://dx.doi.org/10.3892/or.2018.6202
http://dx.doi.org/10.18632/oncotarget.21212
http://dx.doi.org/10.1007/s13277-015-3233-5
http://dx.doi.org/10.1016/j.ccr.2007.01.012
http://dx.doi.org/10.1016/j.canlet.2017.03.024
http://www.ncbi.nlm.nih.gov/pubmed/28336327


Cells 2020, 9, 689 14 of 16

73. Xie, L.; Ni, W.K.; Chen, X.D.; Xiao, M.B.; Chen, B.Y.; He, S.; Lu, C.H.; Li, X.Y.; Jiang, F.; Ni, R.Z. The expressions
and clinical significances of tissue and serum galectin-3 in pancreatic carcinoma. J. Cancer Res. Clin. Oncol.
2012, 138, 1035–1043. [CrossRef] [PubMed]

74. Zhao, W.; Ajani, J.A.; Sushovan, G.; Ochi, N.; Hwang, R.; Hafley, M.; Johnson, R.L.; Bresalier, R.S.;
Logsdon, C.D.; Zhang, Z.; et al. Galectin-3 Mediates Tumor Cell-Stroma Interactions by Activating Pancreatic
Stellate Cells to Produce Cytokines via Integrin Signaling. Gastroenterology 2018, 154, 1524–1537. [CrossRef]
[PubMed]

75. Jiang, K.; Lawson, D.; Cohen, C.; Siddiqui, M.T. Galectin-3 and PTEN expression in pancreatic ductal
adenocarcinoma, pancreatic neuroendocrine neoplasms and gastrointestinal tumors on fine-needle aspiration
cytology. Acta Cytol. 2014, 58, 281–287. [CrossRef] [PubMed]

76. Song, S.; Ji, B.; Ramachandran, V.; Wang, H.; Hafley, M.; Logsdon, C.; Bresalier, R.S. Overexpressed galectin-3
in pancreatic cancer induces cell proliferation and invasion by binding ras and activating ras signaling.
PLoS ONE 2012, 7, e42699. [CrossRef] [PubMed]

77. Wang, L.; Friess, H.; Zhu, Z.; Frigeri, L.; Zimmermann, A.; Korc, M.; Berberat, P.O.; Büchler, M.W. Galectin-1
and galectin-3 in chronic pancreatitis. Lab Investig. 2000, 80, 1233–1241. [CrossRef]

78. Jiang, H.B.; Xu, M.; Wang, X.P. Pancreatic stellate cells promote proliferation and invasiveness of human
pancreatic cancer cells via galectin-3. World J. Gastroenterol. 2008, 14, 2023–2028. [CrossRef]

79. Kobayashi, T.; Shimura, T.; Yajima, T.; Kubo, N.; Araki, K.; Tsutsumi, S.; Suzuki, H.; . Kuwano, H.; Raz, A.
Transient gene silencing of galectin-3 suppresses pancreatic cancer cell migration and invasion through
degradation of β-catenin. Int. J. Cancer 2011, 129, 2775–2786. [CrossRef]

80. Zhang, L.; Wang, P.; Qin, Y.; Cong, Q.; Shao, C.; Du, Z.; Ni, X.; Li, P.; Ding, K. RN1, a novel galectin-3 inhibitor,
inhibits pancreatic cancer cell growth in vitro and in vivo via blocking galectin-3 associated signaling
pathways. Oncogene 2017, 36, 1297–1308. [CrossRef]

81. Yao, Y.; Zhou, L.; Liao, W.; Chen, H.; Du, Z.; Shao, C.; Wang, P.; Ding, K. HH1-1, a novel Galectin-3
inhibitor, exerts anti-pancreatic cancer activity by blocking Galectin-3/EGFR/AKT/FOXO3 signaling pathway.
Carbohydr. Polym. 2019, 204, 111–123. [CrossRef]

82. Takamura, M.; Sakamoto, M.; Ino, Y.; Shimamura, T.; Ichida, T.; Asakura, H.; Hirohashi, S. Expression of
liver-intestine cadherin and its possible interaction with galectin-3 in ductal adenocarcinoma of the pancreas.
Cancer Sci. 2003, 94, 425–430. [CrossRef] [PubMed]

83. Cerliani, J.P.; Blidner, A.G.; Toscano, M.A.; Croci, D.O.; Rabinovich, G.A. Translating the ‘Sugar Code’ into
Immune and Vascular Signaling Programs. Trends Biochem Sci. 2017, 42, 255–273. [CrossRef] [PubMed]

84. Demetriou, M.; Granovsky, M.; Quaggin, S.; Dennis, J.W. Negative regulation of T-cell activation and
autoimmunity by Mgat5 N-glycosylation. Nature 2001, 409, 733–739. [CrossRef] [PubMed]

85. Stillman, B.N.; Hsu, D.K.; Pang, M.; Brewer, C.F.; Johnson, P.; Liu, F.T.; Baum, L.G. Galectin-3 and Galectin-1
Bind Distinct Cell Surface Glycoprotein Receptors to Induce T Cell Death. J. Immunol. 2006, 176, 778–789.
[CrossRef] [PubMed]

86. MacKinnon, A.C.; Farnworth, S.L.; Hodkinson, P.S.; Henderson, N.C.; Atkinson, K.M.; Leffler, H.; Nilsson, U.J.;
Haslett, C.; Forbes, S.J.; Sethi, T. Regulation of Alternative Macrophage Activation by Galectin-3. J. Immunol.
2008, 180, 2650–2658. [CrossRef] [PubMed]

87. Shanshiashvili, L.; Tsitsilashvili, E.; Dabrundashvili, N.; Kalandadze, I.; Mikeladze, D. Metabotropic glutamate
receptor 5 may be involved in macrophage plasticity. Biol. Res. 2017, 50, 1–7. [CrossRef] [PubMed]

88. Demotte, N.; Wieërs, 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]

89. Kuhlmann, L.; Nadler, W.M.; Kerner, A.; Hanke, S.A.; Noll, E.M.; Eisen, C.; Espinet, E.; Vogel, V.; Trumpp, A.;
Sprick, M.R.; et al. Identification and validation of novel subtype-specific protein biomarkers in pancreatic
ductal adenocarcinoma. Pancreas. 2017, 46, 311–322. [CrossRef]

90. Hu, D.; Ansari, D.; Zhou, Q.; Sasor, A.; Said Hilmersson, K.; Andersson, R. Galectin 4 is a biomarker for early
recurrence and death after surgical resection for pancreatic ductal adenocarcinoma. Scand. J. Gastroenterol.
2019, 54, 95–100. [CrossRef]

91. Belo, A.I.; van der Sar, A.M.; Tefsen, B.; van Die, I. Galectin-4 Reduces Migration and Metastasis Formation
of Pancreatic Cancer Cells. PLoS ONE 2013, 8, e65957. [CrossRef]

http://dx.doi.org/10.1007/s00432-012-1178-2
http://www.ncbi.nlm.nih.gov/pubmed/22367363
http://dx.doi.org/10.1053/j.gastro.2017.12.014
http://www.ncbi.nlm.nih.gov/pubmed/29274868
http://dx.doi.org/10.1159/000362221
http://www.ncbi.nlm.nih.gov/pubmed/24854395
http://dx.doi.org/10.1371/journal.pone.0042699
http://www.ncbi.nlm.nih.gov/pubmed/22900040
http://dx.doi.org/10.1038/labinvest.3780131
http://dx.doi.org/10.3748/wjg.14.2023
http://dx.doi.org/10.1002/ijc.25946
http://dx.doi.org/10.1038/onc.2016.306
http://dx.doi.org/10.1016/j.carbpol.2018.10.008
http://dx.doi.org/10.1111/j.1349-7006.2003.tb01459.x
http://www.ncbi.nlm.nih.gov/pubmed/12824888
http://dx.doi.org/10.1016/j.tibs.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/27986367
http://dx.doi.org/10.1038/35055582
http://www.ncbi.nlm.nih.gov/pubmed/11217864
http://dx.doi.org/10.4049/jimmunol.176.2.778
http://www.ncbi.nlm.nih.gov/pubmed/16393961
http://dx.doi.org/10.4049/jimmunol.180.4.2650
http://www.ncbi.nlm.nih.gov/pubmed/18250477
http://dx.doi.org/10.1186/s40659-017-0110-2
http://www.ncbi.nlm.nih.gov/pubmed/28196513
http://dx.doi.org/10.1158/0008-5472.CAN-10-0761
http://dx.doi.org/10.1097/MPA.0000000000000743
http://dx.doi.org/10.1080/00365521.2018.1561937
http://dx.doi.org/10.1371/journal.pone.0065957


Cells 2020, 9, 689 15 of 16

92. Danguy, A.; Rorive, S.; Decaestecker, C.; Bronckart, Y.; Kaltner, H.; Hadari, Y.R.; Goren, R.; Zich, Y.; Petein, M.;
Salmon, I.; et al. Immunohistochemical profile of galectin-8 expression in benign and malignant tumors of
epithelial, mesenchymatous and adipous origins, and of the nervous system. Histol. Histopathol. 2001, 16,
861–868. [CrossRef]

93. Takata, T.; Ishigaki, Y.; Shimasaki, T.; Tsuchida, H.; Motoo, Y.; Hayashi, A.; Tomosugi, N. Characterization of
proteins secreted by pancreatic cancer cells with anticancer drug treatment in vitro. Oncol. Reports 2012, 28,
1968–1976. [CrossRef] [PubMed]

94. Yazdanifar, M.; Zhou, R.; Grover, P.; Williams, C.; Bose, M.; Moore, L.J.; Wu, S.T.; Maher, J.; Dreau, D.;
Mukherjee, A.P. Overcoming Immunological Resistance Enhances the Efficacy of A Novel Anti-tMUC1-CAR
T Cell Treatment against Pancreatic Ductal Adenocarcinoma. Cells 2019, 8, 1070. [CrossRef] [PubMed]

95. Chung, J.C.; Oh, M.J.; Choi, S.H.; Bae, C.D. Proteomic analysis to identify biomarker proteins in pancreatic
ductal adenocarcinoma. ANZ J Surg. 2008, 78, 245–251. [CrossRef] [PubMed]

96. Chen, R.; Pan, S.; Ottenhof, N.A.; de Wilde, R.F.; Wolfgang, C.L.; Lane, Z.; Post, J.; Bronner, M.P.; Willmann, J.K.;
Maitra, A.; et al. Stromal galectin-1 expression is associated with long-term survival in resectable pancreatic
ductal adenocarcinoma. Cancer Biol. Ther. 2012, 13, 899–907. [CrossRef] [PubMed]

97. Sun, Q.; Zhang, Y.; Liu, M.; Ye, Z.; Yu, X.; Xu, X.; Qin, Y. Prognostic and diagnostic significance of galectins in
pancreatic cancer: A systematic review and meta-analysis. Cancer Cell Int. 2019, 19, 309. [CrossRef]

98. Tavares, L.B.; Silva-Filho, A.F.; Martins, M.R.; Vilar, K.M.; Pitta, M.G.R.; Rêgo, M.J.B.M. Patients With
Pancreatic Ductal Adenocarcinoma Have High Serum Galectin-9 Levels: A Sweet Molecule to Keep an Eye
On. Pancreas 2018, 47, e59–e60. [CrossRef]

99. Zucchetti, M.; Bonezzi, K.; Frapolli, R.; Sala, F.; Borsotti, P.; Zangarini, M.; Cvitkovic, E.; Noel, K.; Ubezio, P.;
Giavazzi, R.; et al. Pharmacokinetics and antineoplastic activity of galectin-1-targeting OTX008 in combination
with sunitinib. Cancer Chemother Pharmacol. 2013, 72, 879–887. [CrossRef]

100. Koonce, N.A.; Griffin, R.J.; Dings, R.P.M. Galectin-1 Inhibitor OTX008 Induces Tumor Vessel Normalization
and Tumor Growth Inhibition in Human Head and Neck Squamous Cell Carcinoma Models. Int. J. Mol. Sci.
2017, 18, 2671. [CrossRef]

101. Leung, Z.; Ko, F.C.F.; Tey, S.K.; Kwong, E.M.L.; Mao, X.; Liu, B.H.M.; Ma, A.P.Y.; Fung, Y.M.E.; Che, C.M.;
Wong, D.K.H.; et al. Galectin-1 promotes hepatocellular carcinoma and the combined therapeutic effect of
OTX008 galectin-1 inhibitor and sorafenib in tumor cells. J. Exp. Clin. Cancer Res. 2019, 38, 423. [CrossRef]

102. Wdowiak, K.; Francuz, T.; Gallego-Colon, E.; Ruiz-Agamez, N.; Kubeczko, M.; Grochoła, I.; Wojnar, J.
Galectin targeted therapy in oncology: Current knowledge and perspectives. Int. J. Mol. Sci. 2018, 19, 210.
[CrossRef] [PubMed]

103. Klyosov, A.; Zomer, E.; Platt, D. DAVANAT®(GM-CT-01) and colon cancer: Preclinical and clinical (Phase I
and II) studies. ACS Symposium Series 2012, 4, 89–130. [CrossRef]

104. US National Library of Medicine. 2014. Available online: https://clinicaltrials.gov/ct2/show/NCT02117362
(accessed on 22 January 2020).

105. US National Library of Medicine. US National Library of Medicine. 2015. Available online: https:
//clinicaltrials.gov/ct2/show/NCT02575404 (accessed on 22 January 2020).

106. Harazono, Y.; Kho, D.H.; Balan, V.; Nakajima, K.; Zhang, T.; Hogan, V.; Raz, A. Galectin-3 leads to
attenuation of apoptosis through Bax heterodimerization in human thyroid carcinoma cells. Oncotarget 2014,
5, 9992–10001. [CrossRef]

107. Harazono, Y.; Kho, D.H.; Balan, V.; Nakajima, K.; Hogan, V.; Raz, A. Extracellular galectin-3 programs
multidrug resistance through Na+/K+-ATPase and P-glycoprotein signaling. Oncotarget 2015, 6, 19592–19604.
[CrossRef] [PubMed]

108. Chung, L.Y.; Tang, S.J.; Sun, G.H.; Chou, T.Y.; Yeh, T.S.; Yu, S.L.; Sun, K.H. Galectin-1 promotes lung cancer
progression and chemoresistance by upregulating p38 MAPK, ERK, and cyclooxygenase-2. Clin. Cancer Res.
2012, 18, 4037–4047. [CrossRef] [PubMed]

109. Zhang, P.; Shi, B.; Zhou, M.; Jiang, H.; Zhang, H.; Pan, X.; Gao, H.; Sun, H.; Li, Z. Galectin-1 overexpression
promotes progression and chemoresistance to cisplatin in epithelial ovarian cancer. Cell Death Dis. 2014, 5,
991. [CrossRef]

110. Kobayashi, T.; Shimura, T.; Yajima, T.; Kubo, N.; Araki, K.; Wada, W.; Tsutsumi, S.; Suzuki, H.; Kuwano, H.;
Raz, A. Transient silencing of galectin-3 expression promotes both in vitro and in vivo drug-induced apoptosis
of human pancreatic carcinoma cells. Clin. Exp. Metastasis. 2011, 28, 367–376. [CrossRef]

http://dx.doi.org/10.14670/HH-16.861
http://dx.doi.org/10.3892/or.2012.2020
http://www.ncbi.nlm.nih.gov/pubmed/22961650
http://dx.doi.org/10.3390/cells8091070
http://www.ncbi.nlm.nih.gov/pubmed/31514488
http://dx.doi.org/10.1111/j.1445-2197.2008.04429.x
http://www.ncbi.nlm.nih.gov/pubmed/18366394
http://dx.doi.org/10.4161/cbt.20842
http://www.ncbi.nlm.nih.gov/pubmed/22785208
http://dx.doi.org/10.1186/s12935-019-1025-5
http://dx.doi.org/10.1097/MPA.0000000000001126
http://dx.doi.org/10.1007/s00280-013-2270-2
http://dx.doi.org/10.3390/ijms18122671
http://dx.doi.org/10.1186/s13046-019-1402-x
http://dx.doi.org/10.3390/ijms19010210
http://www.ncbi.nlm.nih.gov/pubmed/29320431
http://dx.doi.org/10.1021/bk-2012-1102.ch004
https://clinicaltrials.gov/ct2/show/NCT02117362
https://clinicaltrials.gov/ct2/show/NCT02575404
https://clinicaltrials.gov/ct2/show/NCT02575404
http://dx.doi.org/10.18632/oncotarget.2486
http://dx.doi.org/10.18632/oncotarget.4285
http://www.ncbi.nlm.nih.gov/pubmed/26158764
http://dx.doi.org/10.1158/1078-0432.CCR-11-3348
http://www.ncbi.nlm.nih.gov/pubmed/22696230
http://dx.doi.org/10.1038/cddis.2013.526
http://dx.doi.org/10.1007/s10585-011-9376-x


Cells 2020, 9, 689 16 of 16

111. Toscano, M.A.; Bianco, G.A.; Ilarregui, J.M.; Croci, D.O.; Correale, J.; Hernandez, J.D.; Zwirner, N.W.;
Poirier, F.; Riley, E.M.; Baum, L.G.; et al. Differential glycosylation of TH1, TH2 and TH-17 effector cells
selectively regulates susceptibility to cell death. Nat. Immunol. 2007, 8, 825–834. [CrossRef]

112. 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]

113. Lykken, J.M.; Horikawa, M.; Minard-Colin, V.; Kamata, M.; Miyagaki, T.; Poe, J.C.; Tedder, T.F. Galectin-1
drives lymphoma CD20 immunotherapy resistance: Validation of a preclinical system to identify resistance
mechanisms. Blood 2016, 127, 1886–1895. [CrossRef]

114. 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. Invest. 2019, 129, 5553–5567. [CrossRef] [PubMed]

115. 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]

116. 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] [PubMed]

117. Melief, S.M.; Visser, M.; van der Burg, S.H.; Verdegaal, E.M.E. IDO and galectin-3 hamper the ex vivo
generation of clinical grade tumor-specific T cells for adoptive cell therapy in metastatic melanoma. Cancer
Immunol. Immunother 2017, 66, 913–926. [CrossRef] [PubMed]

118. Sanchez-Ruderisch, H.; Fischer, C.; Detjen, K.M.; Welzel, M.; Wimmel, A.; Manning, J.C.; André, S.; Gabius, H.J.
Tumor suppressor p16INK4a: Downregulation of galectin-3, an endogenous competitor of the pro-anoikis
effector galectin-1, in a pancreatic carcinoma model. FEBS J. 2010, 277, 3552–3563. [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/10.1038/ni1482
http://dx.doi.org/10.1016/S1535-6108(04)00024-8
http://dx.doi.org/10.1182/blood-2015-11-681130
http://dx.doi.org/10.1172/JCI129025
http://www.ncbi.nlm.nih.gov/pubmed/31710313
http://dx.doi.org/10.1080/2162402X.2018.1564505
http://dx.doi.org/10.1158/0008-5472.CAN-18-2244
http://www.ncbi.nlm.nih.gov/pubmed/30674531
http://dx.doi.org/10.1007/s00262-017-1995-x
http://www.ncbi.nlm.nih.gov/pubmed/28401257
http://dx.doi.org/10.1111/j.1742-4658.2010.07764.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Pancreatic Cancer 
	The Galectin Family 
	Galectins in Cancer 
	Galectin-1 and Its Role in Pancreatic Cancer 
	Galectin-3 and Its Role in Pancreatic Cancer 
	Galectin-4 and Its Role in Pancreatic Cancer 
	Other Galectins and Their Role in Pancreatic Cancer 
	Clinical Opportunities 
	References

