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Abstract: Gliomas, ranging from low-grade pilocytic astrocytomas to highly malignant
glioblastomas, are primary brain tumors that originate from neural or glial stem cells.
Classified by the WHO into grades 1 to 4, these tumors exhibit varying prognoses, with
oligodendrogliomas and astrocytomas having better and intermediate outcomes, respec-
tively, while glioblastomas are associated with a poor prognosis. Despite advancements
in molecular and genetic research that have improved diagnosis and the development
of targeted therapies, treating high-grade gliomas remains a significant challenge due to
their diffuse nature. In this context, lectins, carbohydrate-binding proteins, have shown
promise as diagnostic and therapeutic agents for cancer, including gliomas. Plant lectins,
particularly those from legumes, exhibit significant antiproliferative effects on glioma cells.
These effects include decreased cell viability and migration, alongside the induction of
autophagy and apoptosis, suggesting their potential as therapeutic agents. Although the
mechanisms underlying these effects are not yet fully understood, molecular targets and
pathways involved in the antiglioma activity of lectins have been identified. Key targets
include matrix metalloproteinases (MMPs), epidermal growth factor receptor (EGFR), CD98
(xc™ system), AMPA receptor, and CD73. This review focuses on the antiglioma potential of
legume lectins, their applications, and the main molecular targets based on their functions,
structures, and associated molecular mechanisms.

Keywords: gliomas; plant lectins; therapeutic agents

1. Gliomas

Gliomas are the most common primary malignant brain tumors originating from
glial cells or their precursors in the central nervous system (CNS). In 2021, the World
Health Organization (WHO) introduced several changes to the classification of gliomas,
incorporating a range of molecular markers [1]. Gliomas are currently classified into four
main groups: (1) diffuse gliomas, characterized by their infiltrative growth and the presence
of specific genetic alterations, (2) circumscribed gliomas, where tumors are typically more
localized and have distinct histopathological and molecular features, (3) gliomas with a
mixed molecular profile, and (4) other glioma subtypes (see Table 1).
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Table 1. Classification of gliomas carried out by the World Health Organization (WHO) in 2021.

Glioma Type

Subgroup

Adult-type diffuse glioblastoma, isocitrate dehydrogenase
(IDH)-wildtype (CNS WHO grade 4): Characterized by mutations
such as telomerase reverse transcriptase (TERT) promoter mutations,
EGEFR amplification, and/or +7/—10 chromosome (RG1) changes.
Adult-type diffuse astrocytoma, IDH-mutant (grades 2, 3, or 4):

(1) Diffuse gliomas, characterized by their = Defined by the presence of an IDH mutation and the absence of
infiltrative growth and the presence of 1p/19q co-deletion. Grading depends on histological and molecular

specific genetic alterations

features, including CDKN2A /B homozygous deletion for grade 4.
Pediatric-type diffuse high-grade gliomas: Includes entities like
diffuse midline glioma, H3 K27-altered and diffuse hemispheric
glioma, and H3 G34-mutant.

Pediatric-type diffuse low-grade gliomas: Characterized by
alterations such as MYB or MYBL1 rearrangements.

Pilocytic astrocytoma (grade 1): Frequently associated with

(2) Circumscribed gliomas, tumors are mitogen-activated protein kinase (MAPK) pathway alterations (e.g.,

typically more localized and have distinct KIAA1549-BRAF fusion).

histopathological and molecular features Pleomorphic xanthoastrocytoma (grade 2): Often with BRAF
V600E mutations.

Oligodendroglioma, IDH-mutant, 1p/19q co-deleted (grades 2 or 3):

(3) Gliomas with a mixed molecular profile Defined by the presence of both IDH mutation and 1p/19q co-deletion,

which distinguish it from astrocytic gliomas.

(4) Other glioma subtypes

Ependymomas: Now classified based on anatomic location and
molecular markers (e.g., RELA Fusion-positive ependymoma).
Gliomas with histone mutations: Highlighting specific subtypes with
poor prognosis, such as H3 K27M-mutant gliomas.

In the WHO 2021 update, the integration of molecular markers with histology was
implemented for a more comprehensive diagnosis, allowing for a clearer distinction be-
tween adult and pediatric gliomas. In this new classification, glioblastomas are specifically
defined as the aggressive form of adult diffuse astrocytoma that is IDH-wildtype, with
methylation status of the O6-methylguanine-DNA methyltransferase (MGMT) promoter
serving as a prognostic factor. Despite these advances, glioma remains an incurable dis-
ease with a low survival rate (approximately 15 months) owing to its high lethality and
aggressiveness [1,2].

2. Glycobiology of Gliomas, Tumor Microenvironment, and Cell Death

In gliomas, glycobiology has emerged as an area of significant relevance. Studies
focused on the structure, function, and biology of glycans have gained increasing attention
in cancer research owing to their critical role in tumor progression. In gliomas, alterations
in glycan structures are a hallmark of malignancy (Figure 1). These modifications, which
occur on glycoproteins, glycolipids, and proteoglycans, influence a wide array of cellular
processes, including cell adhesion, migration, immune evasion, and angiogenesis [3]. In
proteins, glycosylation occurs on serine/threonine residues (O-glycosylation) or asparagine
residues (N-glycosylation). Gliomas exhibit aberrant glycan structures, such as truncated
O-glycans (Tn and sialyl-Tn antigens), hyper sialylation, and highly branched N-glycans,
which enhance invasiveness, resistance, and serve as biomarkers or therapeutic targets [4].



Neuroglia 2025, 6,5

30f26

\ .
O-glycans s@e<> /N Polypeptide @ Galactose P $$$
O-Mani SIT A< ‘ © Mannose <> Sialic acid éfg g
s}}’;ﬂ '-!* W N- A Fucose RO \(
- o~ acetylglucosamine . o
B N- ) Glycosphingolipid Truncated
acetylgalactoscosamine
. N OD-glycans
Galects i
. \( g ST—S1 Tyt~
fosi Mucin
» _ Gangliosides || VEGFR
% o%° 00
P 204
o O-B-O-B,
ow
s}
g
GPI-anchored glycoproteins o
* 000 V aoe
Fucosylation AQe
5%
Sialylated ¢
gangliosides ¢ §:
cou °
}xl-n—u-(?;_ oo X e
> P oo

e

&

\R/\N E N%? N-glycans f

/}/I
7

Figure 1. Alterations in glycosylation in tumor cell membranes. In the cell membranes of normal
cells, glycan structures attached to proteins and lipids are displayed, such as O-glycans and O-Man,
represented by chains linked to serine/threonine residues; gangliosides, represented by glycosphin-
golipids containing sialic acids; GPI-anchored glycoproteins, represented by glycoproteins anchored
by glycosylphosphatidylinositol; N-glycans, represented by chains linked to asparagine residues.
Meanwhile, in tumor cells, modifications in cellular interactions and signaling occur, such as trun-
cated O-glycans, fucosylation (through the addition of fucose to glycans), and sialylated gangliosides,
represented by the enrichment of sialic acids.

Glycosylation on proteins, such as integrins and E-cadherins, impacts cell adhesion
and extracellular matrix (ECM) interactions, facilitating tumor invasion and migration.
Growth receptors, like epidermal growth factor receptors (EGFRs), are also affected, pro-
moting proliferation and survival [3]. Terminal sialylation and carbohydrates, like sialyl
Lewis X, aid tumor dissemination by enhancing adhesion to endothelial cells and immune
evasion. Changes in ECM glycoproteins, such as fibronectin and laminin, further support
progression [5,6].

These glycosylation changes stem from dysregulated glycosyltransferase enzymes,
altered chaperones, and glycosidases, often driven by increased glucose metabolism in
tumors [7].

The tumor microenvironment (TME) in glioblastoma consists of tumor cells, immune
cells (e.g., macrophages, microglia, NK cells, and T cells), astrocytes, neural progenitor
cells, blood vessels, and the ECM (Figure 2), along with signaling molecules and exosomes
that promote tumorigenesis and proliferation [8-10]. Glycans are key mediators of cell-cell
and cell-ECM interactions, but aberrant glycosylation in gliomas alters these interactions,
promoting immune evasion, therapy resistance, and tumor progression [3,8].
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Figure 2. Glioma microenvironment and its influence on immunosuppression and tumor progression.
The glioma tumor microenvironment comprises various cell types, such as microglia, macrophages,
natural killer cells, lymphocytes, astrocytes, granulocytes, and dendritic cells. This microenvironment
promotes a range of immunosuppressive and pro-tumor effects. CD4+ and CD8+ T cells are influ-
enced by tumorigenesis due to the immunosuppressive environment, leading to immune exhaustion
and tumor tolerance. Tumor-associated macrophages polarize into M1 (proinflammatory, with anti-
tumoral activity) or M2 (anti-inflammatory, promoting tumor progression). M2 tumor-associated
macrophages produce anti-inflammatory cytokines (IL-4, IL-10, and TGF-f) and pro-tumoral factors
(IGF-1, EGF, and PDGEF). They also promote angiogenesis (VEGF and IL-8), dysregulated tumor
metabolism (ARGI and IDO), and activate immune checkpoints (PD-L1 and CD39), thereby deacti-
vating the host’s immune response against glioblastoma. Straight black arrows indicate signals of
stimulation (—) and inhibition ().

Glioma-associated macrophages and microglia interact with glioma cells through
sialylated glycans, suppressing immune activation via Siglecs and facilitating immune eva-
sion [6,11]. Altered glycosylation of ECM molecules enhances glioma cell adhesion, migra-
tion, and invasion by modulating integrin signaling [12]. Tumor-associated macrophages,
including antitumoral M1 and pro-tumoral M2 subtypes, influence tumor progression
through cytokine secretion (e.g., interleukin (IL)-4, IL-10, and transforming growth factor-
B (TGF-B)) and angiogenesis via vascular endothelial growth factor (VEGF) and IL-8
(Figure 2). Glioma-associated macrophages also activate immune checkpoints (e.g., PD-L1)
and disrupt metabolism [13-17].

Endothelial cells are affected by aberrant glycosylation of VEGF and glycosamino-
glycans, enhancing angiogenesis and tumor growth [18]. Astrocytes contribute to tumor
progression by secreting ECM proteins and modulating matrix metalloproteinase (MMP)
activity via glycosylation, promoting invasion [19].

Glycosylation processes are central to glioblastoma progression, and disruptions in
these interactions can lead to cell death, indicating the importance of studying glycan-
mediated mechanisms in the glioma microenvironment.

Cell death in glioblastoma is crucial for the development of effective therapies, in-
volving such mechanisms as apoptosis, autophagy, ferroptosis, necroptosis, pyroptosis,
and necrosis, each with distinct characteristics that influence the tumor response. Temo-
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zolomide, a chemotherapeutic agent primarily used in the treatment of brain tumors,
particularly glioblastoma multiforme, acts as an alkylating agent. As a prodrug, it is me-
tabolized in the body to form an active compound that alkylates DNA bases, especially
guanine, resulting in breaks in the DNA strands and the formation of crosslinks, impeding
accurate DNA replication. This process leads tumor cells to undergo apoptosis or experi-
ence severe cellular stress that results in apoptosis. Furthermore, temozolomide is often
used in combination with radiotherapy, as it can enhance the sensitivity of tumor cells to
radiation-induced damage [20,21]. Glycobiology alterations in gliomas can directly impact
key types of cell death. Aberrant glycosylation of death receptors, such as Fas (CD95)
and tumor necrosis factor receptor (TNFR), disrupts apoptosis signaling. For example,
excessive sialylation of Fas impairs the formation of the death-inducing signaling complex
(DISC), reducing apoptosis effectiveness in cancer cells [22]. Similarly, aberrant glyco-
sylation of TNFR and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)
receptors hinders necroptosis by interfering with ligand binding and downstream signaling.
Hypersialylation, for instance, inhibits the activation of necroptotic machinery [23,24]. Gly-
cosylation also regulates apoptosis and ferroptosis by modifying key signaling receptors,
such as EGFR [25], which is overexpressed in diffuse glioblastoma, IDH-wildtype (see
Table 1).

Ferroptosis, induced by the accumulation of lipid peroxides, is being explored as a
novel therapeutic approach for cancer and degenerative diseases [26]. The role of glyco-
sylation in the regulation of ferroptosis has been described [27,28]. Ferroptosis has been
explored as an alternative strategy to damage glioma cells and glioblastoma stem cells
(GSC), which are typically resistant to other therapies [29-31].

Autophagy is a process responsible for degradation and recycling the majority of
long-lived or aggregated proteins and cellular organelles. It plays an important role in
maintaining cell survival under stress in some cellular contexts. Moreover, when apop-
tosis is defective, autophagy induction can mediate a second form of programmed cell
death [32-34]. It is interesting to highlight that lectins via glycan interactions may trigger
autophagic cell death.

Targeting abnormal glycosylation represents a promising strategy to enhance glioma
sensitivity to cell death. Potential approaches include inhibiting sialyltransferases, blocking
glycan-mediated signaling pathways, and using lectins to disrupt glycan-receptor interac-
tions. These strategies could restore apoptosis, regulate autophagy, or promote necroptosis,
potentially improving treatment outcomes when combined with existing therapies. Inte-
grating glycosylation-targeted therapies with chemotherapy and immunotherapy offers a
personalized approach to modulating cell death mechanisms, overcoming resistance, and
improving glioblastoma prognosis [35-37].

3. Lectins

The altered glycosylation patterns observed in glioma are being exploited by re-
searchers using lectins. Due to their specific glycan-binding properties, lectins show
potential as diagnostic tools and in the development of targeted therapies for this dis-
ease [38]. The following topics highlight the main functions of plant lectins in combating
glioma cells, their possible mechanisms of action, and potential applications in this field
of research. The identification and understanding of carbohydrate—lectin interactions can
unravel the cellular and molecular mechanisms involved in a variety of human pathologies,
such as neoplasia [39-41], viral infections [42,43], and inflammatory processes [44]. In
the case of cancer, this approach allows the discovery of new markers, as well as new
therapeutic targets [3]. Lectins are diverse proteins present in all kingdoms of life. Still, it
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is in plants that research with lectins is most prevalent, especially those belonging to the
Leguminosae family.

The identification of the first lectin (ricin) occurred just over a century ago. After
its discovery, a growing and continuous number of studies have been undertaken to
understand the properties of this class of proteins, their role in cellular physiology, as well
as their potential biological activities [45,46]. Lectins are present in different plant tissues
and can be classified according to their abundance in plant tissues/organelles and their
molecular structure, sequence, and families [47]. According to the properties that lectins
assume when binding to carbohydrates, they are defined as proteins of non-immune origin
that reversibly interact with carbohydrates without altering their structures. Recently,
Cavada and colleagues summarized the main biological properties of Leguminosae lectins,
including their antiproliferative activity and/or binding to cancer cells or cancer-specific
antigens that may indicate these proteins as agents for diagnosis and/or treatment of
various types of cancer [48-52]. Although numerous studies have explored the antitumor
properties of lectins, the effect and mechanisms arising from the specific interaction between
plant lectins and glycosylated targets of glioblastoma cells has not been comprehensively
reviewed. A focused review in this area could contribute to our understanding of the
potential activity of lectins against glioblastoma, clarifying possible mechanisms and
informing future research on novel therapeutic approaches.

3.1. Antiglioma Lectins

Given the importance of glioblastoma as a disease, the potential of plant lectins in
glioma research is a growing area of interest. By reviewing the literature, it becomes clear
that the ConA-like lectins, predominantly associated with the genera Canavalia and Dioclea,
are the most extensively studied in this context. Considering the available data, this review
highlights glioma studies with 12 plant lectins. Among these, mannose/glucose-specific
lectins are the most extensively tested, compared to those binding to galactosides and other
carbohydrates. Almost all lectins used in experiments with glioma cells were obtained
from the plant material through protein chemistry protocols. The only exception is the
Dioclea sclerocarpa lectin, which was tested in recombinant form (rDSL) and compared with
its native counterpart (DSL; Table 2).

Table 2. Main plant lectins tested against different cell lines of glioma. The cytotoxic concentration of
the tested lectins was evaluated between 24 and 48 h with mouse and human cell lines.

. . e Cell Concentration
Specie Lectin Specificity Line (ng/mL) Effects
e  Apoptosis induced by
modulation of caspase-3 and
Abelmoschus -7. Bmall and clock gene
esculentus (L.) AEL Galactosides us7 21 expression.
Moench e  Generation of intracellular
reactive oxygen species
(ROS) [53].
C i al e  Decreased the cellular viability
anavaia - - CaBo ucose Cé 100 and migration by induction of
bonariensis Lindl. Mannose

autophagy and cell death [54].
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Table 2. Cont.

Specie Lectin Specificity ](ierﬂ ((i:;r;;f{l)t ration  pefects

e Increased p38MAPK and JNK
and decreased extracellular
signal-regulated kinase
(ERK1/2) and Akt
phosphorylation.

e Inhibited mammalian target of
rapamycin complex 1
(mTORC1) phosphorylation
associated with accumulation
of acidic vacuoles and
microtubule-associated
protein light chain (LC3)
cleavage.

Cé, e Inhibition of early steps of

Canavalia Us7, autophagy with

e Glucose
brasiliensis Mart. ~ ConBr Mannose and 30-50 3-methyl-adenine (3-MA)

ex Benth. GBM-1 partially protected, whereas
the later autophagy inhibitor
chloroquine (CQ) had no
protective effect upon ConBr
cytotoxicity.

e Augmented caspase-3
activation without affecting
mitochondrial function. The
caspase-8 inhibitor IETF-fmk
attenuated ConBr-induced
autophagy and C6 glioma
cell death.

e  No cytotoxicity against
primary astrocytes [55].

e  Modulation of membrane-type
1 matrix metalloproteinase
(MT1-MMP), providing
increased expression of
cyclooxygenase-2 (COX-2), via
IKK/NF«kB (nuclear factor
kappa B).

Canavalia o Inhibition of Akt
ensiformis (L.) ConA (hg/llucose Cé6 and 30 phosphorylation, suggestive of
DC. annose us7 cell death [56,57].

e  Cytotoxic with morphological
and molecular changes
inducing cell death by
autophagy.

e Inhibition of cell migration,
proliferation, and clonogenic
capacity [58,59].
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Table 2. Cont.

Specie

Lectin

Specificity

Cell
Line

Concentration

(ug/mL)

Effects

Canavalia
grandiflora Benth.

ConGF

Glucose
Mannose

Co

30, 50, and 100

Impair the mitochondrial
transmembrane potential.
Reduce cell viability.
Induce morphological
changes.

Induce massive autophagy.
The possible mechanism of
action is the interaction of
ConGF with the glycan
structures of matrix
metalloproteinase 1
(MMP1) [60].

Canavalia virosa
(Roxb.) Wight &
Arn.

ConV

Glucose
Mannose

Cé

30-100

Induction of autophagy,
thereby impairing cell
migration and decreasing cell
viability of glioma cells [61].

Datura
stramonium (L.)

DSA

N-
acetyllactosamine

Cé

1#

Induced irreversible
differentiation of tumor cells
after a short exposure [62].
Did not affect neuronal cell
migration or axonal extension,
and did not induce any
morphological change of
neurons [63].

Dioclea lasiocarpa
Mart. ex Benth.

DLL

Glucose/mannose

Ceé

100

Strong antiglioma activity by
mechanisms involving
activation of caspase-3 [64].

Dioclea lasiophylla
Mart. ex Benth.

DlyL

Glucose/mannose

Cé

30-100

Reduction of cell migration,
inducing autophagy and cell
death via activation of
caspase-3 [65].

Dioclea
sclerocarpa Ducke

DSL and
rDSL *

Glucose/mannose

C6 and
us7

100

Decreased cell viability only
on C6 glioma cells [66].
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Table 2. Cont.

Specie

Lectin

Cell Concentration

Line (ng/mL) Effects

Specificity

Dioclea violacea
Mart. ex Benth.

DVL

° Caspase-3 activation,
apoptotic cell death, and
cellular membrane damage.

e  Decreased mitochondrial
membrane potential.

e Increased the number of acidic
vesicles and cleavage of LC3,
indicating activation of

C6 and 30-100 autophagic processes.
us7 e  Decreased glioma cell viability
and migration ability.

e Induced autophagy process by
decreasing Akt, mTORC1, and
ERK1/2 phosphorylation and
augmenting JNK(p54) and
pP3SMAPK
phosphorylation [59].

Glucose/mannose

Swartzia

laevicarpa
Amshoff

SLL

o  ICsp was hit only after 72 h of
Galactosides SF-295 >100 contact with the lectin above a
100 pg/mL concentration [67].

* Recombinant lectin. * Lectin concentration (pm).

In cell-based assays, the ideal glioblastoma model should accurately reflect human cel-
lular properties, including morphological characteristics, invasive patterns and capabilities,
cellular behavior, and immunological microenvironment. The most commonly used cell
lines for glioblastoma studies include human-derived cell lines, such as U251 and U87, as
well as rodent-derived cell lines like GL261 from mice and 9L/LacZ, F98, RG2, CNS-1, and
C6 from rats. Studies involving lectins notably focus on specific cell lines, particularly the
rat-derived C6 and human-derived U87, SF-295, and GBM-1 strains. The rat glioma model,
C6, is an experimental model utilized in many studies reporting on the antiglioma activity
of numerous compounds, and it has been employed for many studies with lectins [60,68].
The U87 strain is largely used in culture models, but it has also been used in xenograft
models of tumor growth in immunocompromised rodents [69]. The SE-295 cell line is also
published in some studies of chemotherapy treatments for glioblastoma, representing an
additional cellular model for evaluating drugs and molecular modulators for their effect on
glioblastomas [70].

In assays involving lectins, glioma cells are exposed to varying concentrations to
assess their viability, morphology, migration, and cell death after 24 and 48 h of contact.
These effects are analyzed through parameters such as mitochondrial membrane potential,
acid vesicular organelle formation, and the activation of programmed cell-death processes.
Plant lectins have demonstrated toxicity at concentrations ranging from 30 to 100 pg/mL,
primarily by reducing cell viability and migration rates, while inducing autophagic and
apoptotic processes, the latter mediated by the activation of caspases 3 and 8 [55,68]. The
modulatory effects and potential mechanisms of action of plant lectins against glioma cells
are discussed in greater detail in later sections, in addition to the findings on lectins from the
Leguminosae, Malvaceae, and Solanaceae families. Further studies are needed to explore the
underlying mechanisms behind cytotoxicity and the role of carbohydrate-binding domains
in interactions with glioma cells.
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3.2. Suggested Mechanisms

The precise mechanisms underlying the antiglioma activity of lectins are not yet fully
understood, though emerging evidence has begun to shed light on potential pathways
involved. While literature data provide fragments of the overall picture, much of the
available information still suggests hypotheses that require further experimental validation.
This review aims to compile the main findings regarding the mechanisms through which
lectins exert their effects on glioma, highlighting both established evidence and areas for
future investigation.

Membrane-type 1 matrix metalloproteinase (MT1-MMP) expression and matrix
metalloproteinase-2 (MMP2) activation by ConA were described originally in MDA-MB-231
human breast cancer cells [71] and glioma cells [72] (Figure 3). ConA positively regulates
MT1-MMP mRNA expression, facilitating MMP-2 activation, as demonstrated by North-
ern blotting and Gelatin Zymography. Furthermore, ConA acts at a non-transcriptional
level, exerting rapid and transcription-independent effects, since these effects persisted
even after inhibition of MT1-MMP mRNA transcription, as evidenced by observing the
fragments derived from the proteolytic breakdown of proMMP-2 to form MMP2 through
Western blotting. Moreover, this reported activity of ConA on glioma cells was subse-
quently extended upon by other researchers. For example, the work in [73] represents one
of the main catalysts for investigating the mechanisms of antiglioma lectins. This work
suggests that ConA may interact with MT1-MMP, triggering the activation of autophagy.
Autophagosome formation was found by acridine orange staining and immunoblotting,
while silencing of the MT1-MMP gene by siRNA reversed ConA-induced autophagy, high-
lighting the central role of MT1-MMP in this process [73,74]. The authors tested a panel of
lectins, including ConA, peanut agglutinin (PNA), Phaseolus max lectin, and wheat germ
agglutinin (WGA), and found that ConA induced significantly increased formation of
acidic vesicles, an indicator of autophagy activation. Based on these observations, they
used qRT-PCR and immunoblotting to examine the role of MT1-MMP in cultures of U87
glioma cells. Previous findings on the upregulation of MT1-MMP expression by ConA
prompted the authors to investigate the relationship between MT1-MMP and ConA in
the context of the lectin’s antiglioma effects [57,75]. The results clearly indicated that
the binding between ConA and MT1-MMP is required for the activation of autophagy.
However, this activity depends on the intracellular domain of the enzyme rather than its
extracellular catalytic function. Evaluation of the expression of MT1-MMP and autophagy-
related genes by qRT-PCR was performed in untreated U87 cells or in cells treated with
siRNA for MT1-MMP knockdown, allowing the identification of genes associated with the
effect promoted by ConA in these cells. The analysis revealed the activation of the BCL2
and adenovirus E1B 19-kDa-interacting protein 3 (BNIP3), ATG3, ATG12, and ATG16-L1
genes, these being autophagy-related proteins. Furthermore, the activation of autophagy
induced by ConA required MT1-MMP and was followed by the activation of the Janus
kinase 2/signal transducer and activator of transcription 3 (JAK2/STAT3) pathway and
the expression of BNIP3 [56]. These findings were reinforced by experiments in human
U87 glioblastoma cells. In these experiments, transient knockdown of the MT1-MMP gene
by siRNA prevented SNAIL induction by ConA. Activation of signaling pathways was
analyzed by phosphorylation assays, which revealed that ConA induced phosphoryla-
tion of the Src tyrosine kinase and activated the STAT3 pathway. Furthermore, RNA-seq
and differential gene array analyses were performed, confirming that SNAIL induction
by TGF-p and ConA was associated with the modulation of several signaling pathways,
including those mediated by STAT3 and Src. These results suggested that these pathways
are involved in the MT1-MMP-mediated signaling axis that promotes SNAIL induction
and epithelial-to-mesenchymal transition [76]. Other studies have explored the potential of
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the legume lectins ConBr [55] and ConGf [60] in modulating MMP1 via glycan interaction.
Hence, using predictive bioinformatics data, it was proposed that ConGf inhibits MMP1
and impairs PAR1 (protease-activated receptor 1) signaling, thereby inhibiting AKT and
ERK pathways [60]. While these findings are based on computational models, further
experimental studies, such as co-immunoprecipitation assays or MMP1 activity assays in
lectin-treated cells, are needed to confirm this hypothesis.

TLR MT1-MMP

MMP1

Cooperative signaling
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Figure 3. The MT1-MMP-JAK-STAT signaling axis regulates BNIP3 expression, playing a relevant
role in glioblastoma. MT1-MMP is activated by stimuli that trigger signaling pathways, such as
JAK/STATS3, Src, and IKK/IkB/NF-kB. These pathways, in an integrated manner, can induce au-
tophagy, partially reflected by the increased expression of BNIP3 and SNAIL. MT1-MMP-mediated
signal transduction functionally cooperates with the TGF-3 receptor in glioblastoma cells. Lectins are
able to induce MT1-MMP transcription and expression, potentially involving Toll-like receptor (TLR)
signaling [56,76]. The PAR1 receptor is activated by MMP1-mediated proteolytic cleavage. Signaling
pathways activated downstream of PAR1 include MAPKs (such as ERK1/2) and PI3K/AKT/mTOR,
which are often associated with inhibition of autophagy and promote glioma proliferation and migra-
tion. Lectins can interact with glycans associated with MMP1, inhibiting its activity. This effect may
lead to the induction of cell death in glioma cells and the activation of autophagy [60].

A series of studies involving different mannose-binding lectins has attempted to
understand the effects and expand our knowledge of the mechanisms underlying the
antiglioma potential of legume lectins [54,58,59]. Overall, it has been observed that all
tested lectins exhibited cytotoxicity against glioblastoma cell lines, likely attributed to their
binding with glycoconjugates, particularly high-mannose N-glycans. The data obtained
from these studies revealed an increase in acidic vesicles and the lipidated form of LC3
(LC3II; 14 kDa), clearly indicating autophagy activation. For Dioclea violacea lectin (DVL), as
well as for Canavalia brasiliensis lectin (ConBr), several events have been identified, including
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inhibition of Akt, ERK1/2, and mTORC1 phosphorylation—three cell signaling proteins
well known to be upregulated in glioma (Figure 4A). Moreover, disruption of mitochondrial
membrane potential in parallel with the activation of stress-associated MAPKs, p38MAPK,
and JNK (P46/p54) were also observed. The downregulation of Akt/mTORCI, recognized
as an autophagy repressor system, and the phosphorylation/activation of P38SMAPK and
JNK (P46/p54), reported to promote cell death, are suggested to be significant pieces in the
puzzle [77-80].
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C6 glioma cells, resulting in reduced cell viability. This effect is associated with increased phospho-
rylation of p38MAPK and JNK (p46/54), accompanied by a decrease in ERK1/2 and Akt activity.
Furthermore, these alterations lead to inhibition of cell migration and survival. The suppression
of the Akt/mTORC1 pathway by lectins may be related to the activation of autophagic processes,
evidenced by increasing LC3II, which culminates in cell death. Interestingly, this process also appears
to inhibit the production of mitochondrial reactive oxygen species (ROS). The antiglioma activity of
lectins is multifaceted, involving a complex crosstalk mechanism between caspase-8 activation and
autophagic pathways, resulting in glioma cell death [55]. (B) Lectins also demonstrate the ability
to interact with glycans present on CD98, inhibiting cystine/glutamate transport mediated by the
xCT transporter. This inhibition reduces glutathione (GSH) synthesis, leading to increased oxidative
stress, lipid peroxidation, and cell death by ferroptosis [81]. Straight black arrows indicate signals of
stimulation (—) and inhibition (_L). Green straight arrows (1) indicate increased expression. Curved
arrows () indicate reactions. Dashed straight arrows (--+) indicate stimulated event.

ConBr demonstrated the ability to induce cell death in C6 glioma cells and was
associated with a significant increase in the production of reactive oxygen species (ROS)
and a reduction in the levels of reduced glutathione (GSH), as determined by non-protein
thiol content quantification assays. Molecular dynamics studies suggested that ConBr
may act by regulating the xc” system through its interaction with glycans present in the
CD98hc subunit (Figure 4B). These findings indicated the potential of ConBr as a ferroptosis-
promoting agent in glioma cells [81].

Other studies also arrived with Kar and colleagues (2021), who reported that ConA-
induced apoptosis in C6 glioblastoma cells occurs concurrently with an imbalance in
thiol/disulfide homeostasis, leading to oxidative damage and increased levels of proin-
flammatory cytokines, such as interleukin-6 and tumor necrosis factor-o [68].
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Overall, the mechanisms of action of lectins are an active area of investigation, with
experimental and in silico data providing valuable insights. However, more directed
research is needed to confirm or refute the suggested mechanisms and advance the research
of antiglioma lectins toward the preclinical step.

3.3. Suggested Targets

Lectins exert their biological activities by interacting with glycosylated target
molecules, selectively binding to specific carbohydrates on the surface of cancer cells,
activating pathways that contribute to their antitumor effects. However, many of these
mechanisms remain unclear or have primarily been studied in non-glioma cell lines. Po-
tential molecular targets can be identified based on their function, presence, glycosylation
patterns, and associated mechanisms linked to lectin-induced cytotoxicity. This section will
highlight possible targets characterized by their glycosylation composition and interaction
with plant lectins.

3.3.1. Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) exhibit altered expression levels in many human
glioma cell lines, such as SNB-19, GaMG, U251, U87, U373, U343, U138, A172, and T98G,
compared to normal glial cells [82]. Additionally, the glycosylation patterns of these
proteins can be altered due to malignancy. Data on the alteration of these patterns in glioma
cells are scarce, but such changes have been observed in other cell lines. The MMPs that
will be mentioned as targets are suggested based on glycosylation data and their relevance
to the onset or progression of glioblastomas. For the latter, MMPs 8, 10, 16, 17, 20, 23, 26, 27,
and 28 appear to exhibit no significant expression variations in human glioma lineages to
justify being considered molecular targets [83].

MMP-1, in contrast, contains two glycosylation sites that are predicted to be located
at Asn120 and Asnl143 in its structure. However, experimental evidence indicates that
glycosylation only occurs at the Asn120 site. This identification was only possible using
immobilized ConA on Sepharose-4B to identify glycosylated forms of this enzyme, high-
lighting the capacity of mannose-specific legume lectins to interact with this target [84,85].
Changes in MMP-1 glycosylation were observed in the HT-1080 fibrosarcoma cell line
compared to human skin fibroblasts. The N-glycans of MMP-1 in fibroblasts were predomi-
nantly of the «2,3-sialylated complex type, but in HT-1080 cells, some variations increased
glycosylation heterogeneity. Motifs, such as GalNAcf31,4(Fucx1,3)GlcNAc, LacdiNAc, sia-
lylated LacdiNAc, and Lewis X, were observed [83]. The antiglioma lectin from Canavalia
grandiflora (ConGF) interacted favorably with MMP-1 glycans in molecular docking studies,
consistently interacting through mannosyl motifs and promoting antiglioma activity via
autophagy against glioma C6 cells [60].

MMP-3, much like MMP-1, has the potential to undergo glycosylation in fibroblasts,
but the specific composition of its glycans remains unknown. It is speculated that N-
glycosylation may occur at Asn120 and Asn398, while O-glycosylation sites are likely to
be present at Ser57 (within the pro-peptide), Ser269, and Thr277 [86,87]. However, lectin
array assays have shown that lectins from Agrocybe cylindracea (ACG), Agaricus bisporus
(ABA), Amaranthus caudatus (ACA), and Artocarpus integrifolia (Jacalin) can all interact with
MMP-3 via a cluster of O-glycans present in the protein [88]. Since ACG recognizes «?2,3-
sialylated motifs, and since ABA, ACA, and Jacalin recognize patterns similar to T antigen
(Galp1-3GalNAc), the interaction profile was similar to that found in type 1 glycosylated
mucins [89-91].

MMP-9 contains three potential N-glycosylation sites, two of which—Asn38 and
Asn120—have been experimentally confirmed. These sites are characterized by biantennary
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glycans with partially sialylated and fucosylated terminals. Additionally, fucosylation may
also occur in the glycan core [87]. The N-glycans found in these sites are closely linked to
secretion mechanisms of the protease (Asn120), as well as its activation (Asn38) by other
MMPs [83].

Furthermore, MMP-9 exhibits a distinctive domain known as OG, encompassing 14 O-
glycosylation sites featuring a range of glycan structures, spanning from Galp1-3GalNAc
to Galp1-3GlcNAcf31-6GalNAc. These glycans can subsequently undergo further extension
into larger structures [92]. This OG domain is responsible for the structural flexibility of
MMP-9, influencing the recognition, binding, and processing of substrates and cellular
receptors [93,94]. The overexpression of MMP-9 is associated with increased cell growth
in U87 glioblastoma cell lines [95]. This protease localizes to the cytoplasm of tumor cells
and, alongside MMP-2, plays a crucial part in the invasion process of gliomas by mediating
ECM degradation and angiogenesis. Therefore, targeting MMP-9 represents a promising
therapeutic strategy for the treatment of malignant gliomas [96].

MMP-13 exhibits a significant presence of glycosylation, with over 10% of its molec-
ular mass comprising glycans. This protease harbors two potential N-glycosylation sites
(Asn117 and Asn162) and two O-glycosylation sites (Ser24 and Ser62), albeit only the glyco-
sylation at Asn117 has been experimentally verified. The precise role of these glycosylations
remains unclear. However, catalytic assays comparing glycosylated and non-glycosylated
forms have demonstrated that glycosylations are not essential for catalytic activity [97]. Up
to the present moment, we have not found data on the glycan profile of MMP-13. However,
investigations involving the 4T1 breast cancer cell line have identified the presence of gly-
cosylated MMP-13 through chromatography employing ConAimmobilized on Sepharose
4B. These studies have elucidated that those legume lectins exhibiting mannose specificity
are capable of interacting with this protease [98].

MMP-14, also known as MT1-MMP, shares similarities with MMP-9 because it pos-
sesses a cluster of O-glycans within a domain containing four O-glycosylation sites (Thr291,
Thr299, Thr300, and /or Ser301) [99,100]. This glycosylation apparently does not affect the
activation of the protease, its catalytic activity, or its autolysis process. However, it appears
to impact the formation of the complex with TIMP2 (tissue inhibitor of metalloproteinase-
2), which is necessary for activating MMP-2, an event crucial for tumor cell invasion and
metastasis [87,101].

3.3.2. Epidermal Growth Factor Receptor (EGFR)

The EGEFR is a highly glycosylated membrane receptor with 10 N-glycosylation sites.
Overexpression and the presence of aberrant forms of this receptor are common in gliomas,
occurring in more than 40% of tumors [102,103]. The glycosylation sites of EGFR are
distributed as follows: Asn328, Asn337, and Asn599 contain high-mannose glycans, while
Asn32, Asnl51, Asn389, Asn420, Asn504, Asn544, and Asn579 are associated with complex
bi-, tri-, or tetra-antennary glycans. These complex glycans are fucosylated and may
include one or more sialylations [103-105]. The ratio between complex-type glycans
and high-mannose-type glycans is 2:1 [103]. In a smaller proportion, EGFR presents
O-glycosylations, such as O-GalNAc and O-GIcNAc, many of which are predicted to be the
Tn antigen [106,107].

Glycosylation allows EGFR to exert its binding activity with EGF, as demonstrated
by the 50% decrease in complex formation rates with EGF following pretreatment with
N-glycosylation inhibitors [108]. Furthermore, ConA and WGA (wheat germ agglutinin)
could block the interaction of this receptor with EGF [109]. The lectin PHA-E (Phaseolus
vulgaris) could interact with EGFR expressed in U373 MG cells, and this interaction could
inhibit binding with EGF and cell proliferation [110].
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The glycosylation pattern profile of EGFR can be altered by the differential expression
of enzymes in malignant cells, which can influence its function and lectin recognition. For
example, Golgi phosphoprotein 3 (GOLPH3), a peripheral membrane protein located in the
trans-Golgi network, is overexpressed in glioblastoma multiforme. Silencing GOLPH3 in
T98G glioma cells decreases the sialylation and fucosylation of EGFR, resulting in negative
regulation of EGFR activity and reduced cell proliferation in this line, demonstrating the
important extent of glycosylation in EGFR regulation [111,112].

3.3.3. CD98hc (4F2hc)

System xc” belongs to the SoLute Carrier 7 (SLC7) family of membrane antiporter
amino acid transporters, which import cystine in exchange for intracellular glutamate. This
system is a heterodimer composed of a light chain (xCT or SLC7A11) and a heavy chain,
4F2hc (also called CD98hc or SLC3A2). The heavy chain 4F2hc is a glycoprotein located in
the extracellular face of the plasma membrane, with a single transmembrane connected to
the xCT subunit by a disulfide bond. Cystine is incorporated into the intracellular milieu
via the xc” system and reduced to cysteine for the synthesis of glutathione (GSH), the most
abundant intracellular antioxidant. This system is positively regulated in gliomas since its
overexpression confers a tumor growth advantage by increasing extracellular glutamate
levels and facilitating tumor expansion. Moreover, by increasing GSH production, tumor
cells maintain redox potential and neutralize ROS in the intracellular environment, sup-
pressing ferroptotic cell death. Some glioma cell lineages have increased expression of the
xCT transporter, which confers resistance to oxidative stress and some pharmacological
therapies upon these tumor cells [113-115]. CD98 can also form complexes with other
members of the SLC7 family, in addition to xCT, such as (a) L system transporters, like
LAT1 and LAT?2, (b) y + L system transporters, like y + LAT1 and y + LAT2, and (c) asc
system transporters, like asc-1 [116].

CD98 displays four glycosylation sites, including Asn365, Asn381, Asn424, and
Asn506, where it carries N-linked glycans, as demonstrated in the three-dimensional struc-
ture of the xc” complex (PDB ID: 7P9V) [116,117]. In a recent study, glycosylation analysis
of CD98 from HeL a cells showed that CD98 in complex with xCT is rich in complex-type
glycans, with a higher frequency of poly-LacNAc chains. The Asn381 and Asn424 sites
have larger tetra-antennary glycans than other sites, and at Asn424, N-glycans were more
frequently extended with linear poly-LacNAc chains. Asn506 glycans were mainly bi- and
tri-antennary, while Asn365 exhibited tri- and tetra-antennary structures. The total LacNAc
content ranked by site was Asn424 > Asn381~Asn365 > Asn506 [118]. The role of CD98
glycosylation has been appreciated in a recent study of pancreatic ductal adenocarcinoma
(PDACQ). It was reported that knockdown of SLC3A2 (gene name of 4F2hc) or blocking the
N-glycosylation of 4F2hc potentiates ferroptosis sensitization of pancreatic ductal adeno-
carcinoma cells by impairing the activity of system xc”, as manifested by a marked decrease
in intracellular glutathione. Mechanistically, glycosylation of CD98 appears to stabilize the
protein and increase the interaction between CD98 and xCT [26].

Furthermore, the CD98 glycoprotein is naturally recognized by a type-S lectin, galectin-
3, which is known to regulate macrophage function and phenotype through this interac-
tion [119]. Thus, lectins that recognize the glycosylations of CD98 can affect the activity of
many transporters that are complex with this protein, many of which are molecular targets
for glioma therapy [120,121]. As an example of a plant lectin application that can interact
with CD98, we can mention a resin containing two immobilized isolectins from Maackia
amurensis (MAA and MHA) that bind to sialic acid, which were used to isolate glycoproteins
from HelLa cell lysates, and one of the identified proteins was CD98 [122]. Recently, a study
evaluated the effect of ConBr on C6 glioma cells. ConBr showed dose-dependent cell death
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induction, accompanied by an increase in the production of ROS and a decrease in reduced
glutathione. The analysis by molecular dynamics assessments show that ConBr may be
effective in regulating the xc” system through interaction with CD98hc glycans, suggesting
that the lectin has the potential to promote ferroptosis in glioma cells [81]. This observation
is in line with the description that monoclonal antibodies, directed against glycans that
decorate the CD98hc surface in multiple myeloma cells, promoted selective tumor cell
death [123]. This indicates that changes in the structure of CD98 glycans expressed in tumor
cells could represent a target for the selective induction of tumor cell death.

3.3.4. AMPA Receptor (AMPA-R)

Glutamate receptors (GluRs) are largely expressed in the central nervous system
(CNS). They are divided into two main families, namely, metabotropic glutamate receptors
(mGluRs) and ionotropic glutamate receptors (iGluRs). The mGluRs are a family of G-
protein-coupled receptors (GPCRs) and mediate downstream signaling through G-proteins.
On the other hand, ionotropic glutamate receptors are cation-permeable ligand-gated ion
channels, which include x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs), Kainate receptors (KARs), and N-methyl-D-aspartate receptors (NMDARSs).
Notably, the subunits of NMDA (GluN1-3), AMPA (GluA1l-4), and Kainate (GluK1-4)
receptors are glycosylated, and lectins have been applied for their purification [124], as
well as to study the structure and activity of the NMDA [125], AMPA [126,127], and
Kainate [128] receptors in the CNS.

Glutamatergic transmission has been widely studied in gliomas, considering the im-
portance of this system for tumor cell survival and infiltration into brain tissue [129]. Hence,
the glutamatergic signaling elements, including glutamate receptors and transporters, may
represent druggable targets to counteract glioma progression and to control epileptiform
symptoms, secondary to the increment of extracellular glutamate caused by xc™ antiporter
activity of glioma cells [129,130].

AMPA receptors have received special attention in gliomas, and many reports suggest
they are a promising target to mitigate glioma infiltration into the brain tissue [131-133].

AMPA glutamate receptors are tetrameric ion channels formed by combinations of
four subunits (GluA1-4; in the past named GluR1-4) that, depending on the composition,
may permeate Na* or Na* /Ca?*. The N-glycosylations present in this receptor are essential
for tetramer formation in the endoplasmic reticulum and their translocation to the cell mem-
brane. Therefore, it is likely that AMPAR subunits follow a Golgi-apparatus-dependent
pathway [134]. GluA1 has six experimentally verified glycosylation sites located at Asn63,
Asn249, Asn257, Asn363, Asn401, and Asn406, while GIuA2 contains four sites located at
Asn256, Asn370, Asn406, and Asn413 [135]. GluA2 and GluA4 possess N-glycans with
mature and immature mannosyl moieties, as demonstrated by their binding to the mannose-
specific lectins ConA, NPL (Narcissus pseudonarcissus lectin), and HHL (Hippeastrum hybrid
lectin). Additionally, LEL (Lycopersicon esculentum lectin), a lectin specific to GIcNAc, was
able to interact with GluA2 and GluA4, indicating the possible presence of complex glycans.
However, PNA (peanut agglutinin), a lectin specific to GalNAc, was unable to interact with
any subunit [136,137]. In another similar study with lectins, ConA was able to interact
with all AMPA-R subunits. The lectin from Aleuria aurantia (AAL) strongly interacted with
GluA3 and, to a lesser extent, with GluA2 and GluA4, revealing a higher abundance of
Fuca6GlcNAc motifs in GluA3 compared to other subunits. Interactions with LEL and
DSL (Datura stramonium lectin) demonstrated that the abundance of GIcNAc motifs was
surprisingly higher for the GluA1 subunit than for other subunits, but with a lower intensity
of labeling in GluA4. The lectin from Moclura pomifera (MPL), which shows specificity for
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GalNAc, was the only one that could interact among other GalNAc-specific lectins tested,
and then, only with GluA3 and with low intensity [136].

GluA2 also contains the human natural killer-1 epitope (HNK-1, HSO3-3GIcApB1-
3GalB1-4GIlcNAc-R) at Asn413, which is crucial for the expression of AMPA-R on the cell
surface [138,139]. These data demonstrated that all AMPA-R subunits are glycosylated,
yet they exhibit different N-glycans compositions. Furthermore, lectins have proven to
be molecules capable of distinguishing these glycosylations and are able to recognize and
differentiate subunits.

In the CNS, excitatory neurons generally express calcium-impermeable AMPARs
that contain the edited GluA2 subunit, whereas other neural cells, including inhibitory
parvalbumin interneurons, which express receptors lacking the GluA2 subunit, are calcium-
permeable [140]. Noteworthy, glioma cells usually express calcium-permeable AMPARs
(CP-AMPARSs), where glutamate binding promotes calcium influx, improving glioma via-
bility and invasiveness [141,142]. The expression of the calcium-permeable GluA1 subunit
has been associated with MAPK and Akt activation and cell proliferation [142,143], as
well as enhancement of tumor invasion via betal-integrin-dependent cell adhesion to the
ECM [144]. Notably, propofol (a sedative hypnotic drug) decreased cell viability, inva-
siveness, and migration of C6 glioma cells via upregulation of the AMPA receptor GluA2
subunit, which prevented Ca?* influx through CP-AMPARSs, causing downregulation of the
xc” system, thus inhibiting glutamate release and cystine uptake [145]. Moreover, a study
with U87MG cells showed that inhibition of ERK signaling specifically downregulated
the expression of calcium-permeable GluA1l/GluA4 AMPAR subunits and upregulated
calcium-impermeable AMPAR subunit GluA2, which promoted a decrease in the invasion
capability of U87MG cells [146]. Considering these studies, it is interesting to highlight
that ConBr and DVL lectins can decrease ERK1/2 and Akt signaling [55,59], which theoret-
ically could decrease GluA1/GluA4 AMPA subunits’ expression and, consequently, reduce
glioma calcium signaling, dampening glioma viability and invasiveness. Despite all this
evidence, there are no studies addressing direct or indirect modulation of AMPA receptor
subunits by lectins in glioma cell models. Nonetheless, the capability of legume lectins
(e.g., ConA) to interact with glycans present on AMPA subunits in neurons or brain tissue
has been well demonstrated [126-128]. Moreover, a blockage of AMPA receptor GluAl
subunit phosphorylation by ConBr was shown in mice hippocampus, an effect possibly
associated with downregulation of synaptic AMPA receptors [147]. In conclusion, lectin
effects on AMPA receptors in gliomas deserve a deeper study.

3.3.5. CD73 (Ecto-5'-nucleotidase)

Enzymes involved in adenosine metabolism, such as CD73 (ecto-5'-nucleotidase)
and CD39 (ectonucleoside triphosphate diphosphohydrolase 1, E-NTPDasel), are highly
expressed in glioma cells and have been shown to promote tumor progression and induce
immunosuppression [148]. The crystal structure of a soluble form of human CD73 (sCD73)
with ecto-5'-nucleotidase activity has been determined, and a consistent binding of ConA
and Galanthus nivalis agglutinin (GNA) suggested high levels of mannosylation on sCD73
glycans [149]. These findings were consistent with previous studies that indicated CD73
glycosylation [150,151]. Noteworthy, ConA appeared to inhibit the ecto-enzyme activity
in many systems analyzed, including in human melanoma cells, in which ConA strongly
inhibited the enzyme in a noncompetitive manner and increased the enzyme association
with the heavy cytoskeletal complexes [152].

CD73 has four N-glycosylation sites located at Asn53, Asn311, Asn333, and Asn403.
The latter three are present in the C-terminal catalytic domain and potentially influence the
activity of CD73. Glycomic analyses of CD73 through mass spectrometry have revealed that
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Asnb3 contains only biantennary complex glycans that can be fucosylated and sialylated.
The Asn311 site can contain mannose-rich glycans, either complex or hybrid, which are
bi-antennary and may be branched. In the case of complex glycans, fucosylation and
sialylation may be present. Asn333 is predominantly associated with complex-type glycans
that can be bi-, tri-, or tetra-antennary and may contain fucosylation and sialylations. Lastly,
Asn403 can harbor hybrid or branched complex glycans, which can be bi-, tri-, or tetra-
antennary and may have fucosylation and sialylations [153]. The strong binding of lectins
ConA and Galanthus nivalis agglutinin (GNA) also suggests a high abundance of N-glycans
containing mannose moieties in CD73, thereby affecting its activity [150,151].

3.4. Other Applications of Lectins

To date, only a limited number of studies have explored the application of plant lectins
in the research, diagnosis, and treatment of glioma, highlighting the need for further re-
search in this area. Presently, the majority of studies focus on the use of lectins for biomarker
discovery. For instance, a work by Park and colleagues (2018) attempted to pinpoint specific
surface glycoproteins differentially expressed in low- and high-grade glioma cells through
a combination of lectin array and lectin-affinity chromatography and LC-MS/MS [154].
A total of eight lectins with variable specificities were applied in the arrays, in which
the galactose-specific Griffonia simplicifolia lectin was selected for its differential binding
properties. Affinity chromatography using this lectin identified 931 proteins, among which
105 exhibited statistically significant increases in high-grade glioma.

Besides glioblastoma, efforts have been made to identify glioblastoma stem cells
(GSCs) using plant lectins. In a study by Tucker-Burden and colleagues (2012), a panel
of 20 lectins with different carbohydrate specificities was employed to recognize surface
glycans of CD133+ glioblastoma stem cells [155]. The results demonstrated that GIcNAc-
and GalNAc-specific lectins had the potential to interact differently, depending on the
cellular differentiation state. The authors observed that the expression of GIcNAc- and
GalNAc-containing glycans accessible to lectins was high in undifferentiated cells but
significantly decreased during a 12-day differentiation period, highlighting the suitability of
lectins for such applications. In another study, a lectin array combined with an LC-MS/MS
approach was employed to identify cell-surface glycoprotein markers on glioblastoma
stem cells (GSCs). Two galactose-specific lectins were able to distinguish GSCs from
conventional glioblastoma cells. These lectins were immobilized on agarose gels to capture
glycoconjugates, resulting in the identification of approximately 12 glycoproteins, most of
which were membrane proteins [155]. A recent study using lectin fluorescence staining
demonstrated that Maackia amurensis lectin II (MAL-II), a plant-derived protein that binds
to «-2,3-sialylated glycans, showed strong binding to GSCs, but this binding decreased
significantly as the cells differentiated into glioma cells. Furthermore, treatment of GSCs
with MAL-II significantly suppressed cell viability and sphere formation by inducing cell
cycle arrest and apoptosis, indicating that MAL-II could have potential as a therapeutic
agent for glioma treatment [156].

Besides biomarker discovery, lectins, such as ConA, WGA, Ricinus communis agglu-
tinin 1 (RCA-1), PNA, and Ulex europaeus agglutinin 1 (UEA-1), have been used to perform
histochemical analyses on fixed paraffin-embedded samples of 24 human gliomas. ConA
and WGA showed positive staining for astrocytomas, oligodendrogliomas, and ependymo-
mas, while PNA and UEA-1 did not. For glioblastomas, only ConA and WGA exhibited
positive staining. The authors observed different staining patterns for different lectins
across various glioma cells. Furthermore, a correlation was found between the binding of
certain lectins, such as RCA-1, and the degree of malignancy. Based on these findings, ConA
emerged as a promising lectin for marking gliomas. These results suggest an abundance of
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mannose-containing glycans and an overall absence of galactoside-containing glycans in
glioma cells [157]. Similarly, Figols et al. (1991) investigated the potential of ConA, RCA-1,
PNA, and WGA as markers of differentiation [158]. A total of 21 paraffin-embedded glial tu-
mors of various types were utilized for the experiments. The results revealed an intriguing
binding pattern, whereby ConA and RCA-1 interacted with most of the tested cells, while
PNA and WGA selectively interacted with the plasma membrane of well-differentiated
oligodendrogliomas. This led the authors to conclude that these lectins could be of interest
in differentiating between gliomas based on the cellular differentiation stage.

4. Conclusions

Glioma cells exhibit distinct glycosylation profiles that influence tumor progression,
invasion, and immune evasion. Lectins, with their capacity to selectively recognize and
bind to glycans, show promise in identifying glioma-specific glycosylation patterns. This
selectivity highlights their potential not only for diagnostic applications but also for new
therapies, as their binding can trigger mechanisms leading to cell death and alter cell
adhesion properties, both critical in glioma pathology. Crucially, however, significant gaps
remain in understanding the specific targets and the nature of their glycan modifications.
Addressing these gaps is essential for advancing the application of lectins in glioma treat-
ment and should be the focus of future research. Lectin-based tools offer a promising
avenue for purifying and studying these targets with greater precision. In conclusion,
the integration of lectin-based approaches, especially in the context of nanotechnology,
holds the potential to revolutionize glioma research, enabling more effective therapeutic
strategies and, ultimately, improving patient outcomes.
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