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In pursuit of meeting the ever-rising demand for cancer therapies, cross-presentation-based glyconano-
vaccines (GNVs) targeting C-type lectin receptors (CLRs) on DCs have shown significant potential as
cutting-edge cancer immunotherapy. GNVs are an attractive approach to induce anti-cancer cytotoxic T
lymphocyte responses. Despite immune checkpoints (ICs) being well established and an obstacle to the
success of GNVs, glycan—lectin circuits are emerging as unique checkpoints due to their immunomodu-
latory functions. Given the role of aberrant tumor glycosylation in promoting immune evasion, mitigating
these effects is crucial for the efficacy of GNVs. Lectins, such as siglecs and galectins, are detrimental to
the tumor immune landscape as they promote an immunosuppressive TME. From this perspective, this
review aims to explore glycan—lectin ICs and their influence on the efficacy of GNVs. We aim to discuss
various ICs in the TME followed by drawbacks of immune checkpoint inhibitors (ICls). We will also empha-
size the altered glycosylation profile of tumors, addressing their immunosuppressive nature along with
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ways in which CLRs, siglecs, and galectins contribute to immune evasion and cancer progression.
Considering the resistance towards ICls, current and prospective approaches for targeting glycan—lectin
circuits and future prospects of these endeavors in harnessing the full potential of GNVs will also be
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1. Introduction

Given the substantial spike in cancer patients globally, the
demand for the development of novel cancer therapies is dra-
matically growing. Current statistics showed around 20 million
new cancer cases along with 9.7 million deaths due to cancer
in 2022, making it a serious issue." Considering this, antigen
cross-presentation (XPT), often utilized by dendritic cells
(DCs), has been identified as an appealing approach to
address and combat the drawbacks of classical anti-cancer
therapies. It is known that targeting receptors expressed on
DCs with specific ligands can increase the cytotoxic T lympho-
cyte (CTL) response against cancer cells. Because glycans are
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recognized as functioning as both tumor-associated antigens
(TAA) and ligands for C-type lectin receptors (CLRs) expressed
on DCs, they can be used as a therapeutic target for immu-
notherapy. This knowledge of XPT and glycan-conjugated
nanovaccines has been employed to develop ‘glyconanovac-
cines’ (GNVs) for targeting DCs.> Fig. 1 provides a glance at the
XPT pathways and GNVs.

Numerous cancer immunotherapies have been developed
through the years; however, due to the immunosuppressive
nature of the tumor microenvironment (TME), they are unable
to reach their full potential.> Immune checkpoints (ICs) are
one component of the TME that contributes to the demise of
these therapies. Several immune checkpoint inhibitors (ICIs)
have been devised to counteract the immune-invasive effects
of these checkpoints. ICIs have been revolutionary in the field
of immunotherapy due to their ability to mobilize effector T
cells to overcome the immunosuppressive niche of regulatory
T (Treg) cells and boost the cytotoxic ability of immune cells to
further target tumor cells.*”

ICs are membrane-bound receptors that are located either
on the tumor cell surface or immune cells like antigen present-
ing cells (APCs) and T cells; inhibiting them can be a promi-
nent paragon of an effective immunotherapeutic strategy.* ICIs
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Cross-Presentation Pathways and Glyconanovaccines at a Glance
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Fig. 1 Cross-presentation pathways and glyconanovaccines at a glance: (a) two primary mechanisms are involved in the XPT of internalized anti-
gens: the cytosolic pathway and the vacuolar pathway. The internalized antigen is broken down into smaller peptides by endosomal proteases (cath-
epsin S) in the vacuolar pathway, and these peptides are then loaded onto major histocompatibility complex (MHC) class | molecules. Furthermore,
the peptide—MHC complex is transported to the cell surface for recognition by CD8" T cells. The cytosolic pathway internalizes the exogenous
antigen through endocytosis or phagocytosis, and then transports it to the cytosol for further proteosome-mediated degradation to produce
shorter antigenic peptides. Furthermore, these antigenic peptides are then loaded onto the MHC class | in the endoplasmic reticulum (ER) after
being delivered there by TAP along with the other ER proteins. Furthermore, TAP transports these antigenic peptides to phagosomes, where they get
loaded onto MHC class | and are further transferred to the cell surface for their recognition by CD8* T cells. (b) To enhance antigen presentation
and generate a productive T cell response, glycans are multivalently presented on a range of nanocarrier systems. Nanocarriers that are modified
with glycans offer glycans in a multivalent form. Furthermore, Toll-like receptor (TLR) ligands can be incorporated into these glyconanocarriers.
Examples of glyconanocarriers include glycoliposomes, which can be employed to encapsulate whole tumor antigens as well as adjuvants; glyco-
dendrimers, which can be designed with the appropriate glycan and peptide quantity; and synthetic glycoclusters, and can additionally be created
using antigenic peptides from the tumor. (c) DCs efficiently internalise these glycan-modified nanocarrier systems that are laden with tumor anti-
gens in a CLR-specific fashion. Furthermore, these internalised antigens are processed and presented through the MHC class | and MHC class Il for
their recognition by CD8* and CD4* T cells, respectively (created in BioRender. Jain, M. (2025) https://BioRender.com/vs9zk3m).

3448 | Biomater. Sci, 2025, 13, 3447-3497 This journal is © The Royal Society of Chemistry 2025


https://BioRender.com/vs9zk3m
https://BioRender.com/vs9zk3m
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01732c

Open Access Article. Published on 05 May 2025. Downloaded on 3/13/2026 10:10:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials Science

may be able to reestablish immune surveillance that tumor
cells had managed to evade in order to further boost the
activity of T cells, which can also be apt for increasing the
efficacy of immunotherapy.® Several ICs are present at different
stages of the cancer immunity cycle, with cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4), programmed
death ligand-1 (PD-L1), programmed cell death-1 (PD-1), lym-
phocyte-activation gene 3 (LAG-3), T cell immunoglobulin and
mucin-containing molecule 3 (TIM-3), T cell immunoreceptor
with immunoglobulin and immunoreceptor tyrosine-based
inhibitory motif domains (TIGIT), and B and T lymphocyte
attenuator (BTLA) being the key ones implicated in the devel-
opment of cancer and the suppression of anti-tumor
immunity.”

Despite the pioneering advancements in cancer immu-
notherapy over the past decade, chemotherapy and radiother-
apy continue to be the most frequently utilized cancer treat-
ment modalities. However, the current era of cancer thera-
peutics has witnessed the rise of anti-checkpoint antibodies as
prominent immunotherapeutic agents being directed against
immune-suppressing cell surface receptors. Up until now, the
Food and Drug Administration (FDA) has approved mono-
clonal antibody (mAb)-based ICIs for various cancer types,
including ipilimumab (CTLA-4 inhibitor), cemiplimab, nivolu-
mab and pembrolizumab (PD-1 inhibitors), as well as durvalu-
mab, atezolimumab, and avelumab (PD-L1 inhibitors).*
However, despite the advancements in ICI therapy, it is benifi-
cial in only few cancers due to the resistance posed by the
immunosuppressive TME,® as shown in Fig. 2.

Besides these, other different factors also influence the
overall effectiveness of the immunotherapy. Within the TME, a
number of mechanisms and factors influence the tumor
immune surveillance and enable tumor immune escape.
Metabolic reprogramming that is a hallmark of cancer occurs
as a result of conditions such as hypoxia and nutrient depri-
vation and tumor cells adapt rapidly to them. The Warburg
effect is one particular effect that results from alterations in
the metabolic process of cancer cells from mitochondrial oxi-
dation to glycolysis in cancer cells even in an environment rich
in oxygen. These changes are conducive to cancer invasion,
metastasis, and a poor prognosis by increasing the activity of
glycolytic enzymes (hexokinase, PFK-1, and pyruvate kinase).
Tumor metastasis has been linked to various glycolysis pro-
cesses, mostly involving transcription factors, signaling path-
ways, non-coding RNAs (ncRNAs), and others. Several noncod-
ing RNAs have been shown to possess potential in influencing
glucose metabolism related to tumor metastasis, including cir-
cular RNAs (circRNAs), microRNAs (miRNAs) and long noncod-
ing RNAs (IncRNAs). In addition, through the sequestration of
miRNAs, circRNAs and IncRNAs mainly act as competitive
endogenous RNAs (ceRNAs), modifying target gene expression
and playing a significant role in the metabolic processes of
cancer cells. Moreover, numerous signaling pathways (such as,
HIF, ERK, Wnt/p-catenin, and, PI3K/AKT efc.) together with
transcription factors are also involved in glycolysis-driven
tumor metastasis. The Warburg effect plays a pivotal role in
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accelerating cancer progression and hence it is essential to
focus on the inhibition of aerobic glycolysis as a potential
approach for the treatment of cancer. The Warburg effect is
responsible for the increased production of lactate by the
tumor cells and other cells present in the TME and creates a
highly acidic environment. By suppressing the proliferation of
T cells, altering chemotaxis along with the migration of the
neutrophils and DCs, boosting Tregs, and induction of
myeloid-derived suppressor cells (MDSCs) and
M2 macrophages (M@s) infiltration, TME acidification confers
on cancer cells a growth advantage over immune cells, enhan-
cing the immunosuppressive activity on T cells and the TME.
Due to the preferential utilization of lactate by Tregs, an acidic
TME increases PD-1 together with other inhibitory molecules
on Tregs but dampens the PD-1 expression on effector T cells.
Consistent with this, PD-1 blockade can result in increased
PD-1" Treg function that supports immunotherapy resistance.
Therefore, glycolysis inhibition has been suggested as a poten-
tially beneficial method of limiting tumor cell growth and
inducing the death of cancer cells, highlighting the relevance
of glycolysis enzymes as potential therapeutic targets.”'® The
TME plays a vital role in the progression of cancer, metastasis,
and response to immunotherapy. Interactions between cancer
cells and elements of the TME, such as cancer-associated
fibroblasts (CAFs), extracellular matrix (ECM), and immune
cells, as well as signaling molecules, are crucial for tumor
growth. Understanding these interactions is very important to
address the issue of resistance to immunotherapy. Hence,
therapies targeted towards the TME have been a notable devel-
opment with a revolutionary potential for cancer treatment.
Epithelial to mesenchymal transition (EMT) is a mechanism
during which epithelial cells gain mesenchymal traits. This
transformation is regulated by several components of the
TME, largely increasing cell motility and invasiveness, thereby
advancing metastasis and cancer development. Therefore, dis-
rupting pro-tumor signaling and enhancing treatment
efficiency are the objectives of several therapeutic strategies
targeting the TME and EMT. In spite of difficulties such as
therapy resistance and EMT flexibility, targeting different
elements of the TME provides a promising approach for
improving cancer treatment outcomes and metastasis suppres-
sion. In the recent upsurge in evidence on the function of the
TME towards induction of EMT, cancer development and
additional therapeutic effects, targeting the primary players of
TME has become a promising therapeutic approach to avoid
EMT and metastasis. A number of TME-targeting therapeutic
modalities have been designed and these modalities are pri-
marily aimed at targeting major immune cells of adoptive
immunity such as B and T cells, NK cells, DCs, neutrophils,
MDSCs and TAMs, stromal cells such as CAFs and tumor vas-
culature and ECM. The main concern at present is to increase
the functional immune responses of major immune cell popu-
lations against tumors. The most prominent immunotherapies
for the treatment of cancer are ICIs, adoptive cell transfer tech-
niques like tumor-infiltrating lymphocytes (TILs), T cell recep-
tors (TCRs), and chimeric antigen receptor (CAR) T cell
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Response and Resistance to Immune Checkpoint Blockade
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Fig. 2 Response and resistance to ICls: (a) a successful anti-tumor immune response following ICls requires reactivation and proliferation of T cells.
Production of tumor-reactive CD8* T cells requires successful tumor-associated peptide antigen processing and presentation by the APCs. TCRs
recognize the tumor antigens that are presented by the MHC, providing a signal for T cell activation. This activation additionally necessitates the
interaction of the co-stimulatory CD28 receptor expressed on T cells with B7 present on the APCs. Tumor-specific CD8* T cells then further differ-
entiate into effector T cells and lead to tumor cell apoptosis through release of granzyme A/B and perforin and decrease the immunosuppressive
capacity of the TME; (b) resistance to ICls originates when the various stages of the cancer immune cycle are disrupted or blocked. In immunosup-
pressive TMEs, factors such as inefficient antigen presentation, poor infiltration and suppressed activity of CD8" T cells, and failure of antigen reco-
gnition can reduce antitumor immunity. Loss of sufficient neoantigens and their impaired presentation can lead to decreased T cell cytotoxicity.
High intratumor heterogeneity can also result in an ineffective recognition of tumor-specific neoantigens and reduced CTL responses. In addition,
mutations in the antigen processing and presentation machinery can trigger resistance to ICls. The loss of p2M expression leads to a decline in MHC
class | cell surface expression, which impairs the antigen presentation to CTLs. Immune cells within the TME, such as T cells, neutrophils, and MQs,
are reprogrammed to become pro-tumor cells, which prevent T cells from functioning by activating various ICs and secreting cytokines, including
IL-10, VEGF, CCL2, and TGF-p (created in BioRender. Jain, M. (2025) https://BioRender.com/j05c775).

therapy, and cancer vaccines. These therapies, however, have
some key challenges. For example, ICIs are only effective in a
minority of tumors, and others do not respond at all.
Moreover, ICIs may induce immune-related toxicities, which
are potentially fatal. CAR-T cell therapy also faces challenges
like antigen specificity and can result in complications such as
cytokine release syndrome, neurotoxicity, and chronic hypo-
gammaglobulinemia. Furthermore, it is challenging to extend
the success of the CAR-T therapy from hematological cancers
to solid tumors, mainly because of tumor heterogeneity, poor
T cell trafficking, and the immunosuppressive TME. A greater

3450 | Biomater. Sci,, 2025, 13, 3447-3497

emphasis is being made on the advancement of combination
therapies, which combine traditional cancer therapies with
agents that target the TME, in order to combat TME-mediated
resistance. These innovative treatments are new-age strategies
in oncology designed to address the drawbacks associated with
monotherapies. By degrading the immune-protective barriers
of the TME, such therapies are capable of overcoming the
possible resistance pathways, thus augmenting the effective-
ness of conventional treatments. In addition, it is also very
important to develop reliable biomarkers that will direct TME-
targeted therapies in order to be able to produce important
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clinical efficacy in cancer patients."’ Hypoxia-inducible factor
(HIF) is a nuclear protein that controls oxygen homeostasis
through transcriptional activity and numerous target gene pro-
files. The balance between HIF-1 synthesis and degradation is
critical for the cellular response to hypoxia, which is primarily
controlled by this protein. Because hypoxia is linked to many
conditions, understanding HIF could lead to novel strategies
for treating a variety of diseases. HIF-1 is mandatory for the
survival and growth of solid tumor cells in hypoxic environ-
ments, and HIF-1 inhibition suppresses downstream gene-
mediated processes like tumor angiogenesis, metastasis, and
resistance, as well as overall tumor survival and growth.
Targeting HIF-1a prevents the expression of PD-L1 on tumor
cells and on tumor-infiltrating myeloid cells; however, it
induces PD-L1 expression on normal tissues via an interferon-
gamma (IFN-y)-mediated pathway. Targeting of the HIF-la/
PD-L1 pathway in cancer cells has been reported to reactivate
the TILs and induce tumour rejection. Echinomycin, an inhibi-
tor of HIF-1a, augments the effectiveness of CTLA-4 inhibitors,
having an efficacy equivalent to the combination of anti-
CTLA-4 and anti-PD-1 but without aggravating immune-related
adverse effects. By enhancing the tolerance function of PD-L1
in normal tissues while eliminating its function in immune
evasion in the TME, HIF-1a inhibition provides a safer and
more potent cancer immunotherapy approach.'>'* Another
factor that can be considered is tumor necrosis factor-alpha
(TNF-a) which is a pleiotropic pro-inflammatory cytokine
belonging to the TNF family. TNF-a was originally discovered
to have the ability to destroy cancer cells, but it was later
found that it could also induce apoptosis, inflammation and
cell proliferation. As its mechanism of action differs depend-
ing on the cancer, it cannot be employed as a straight anti-
cancer drug due to its potent inflammatory and tumour-pro-
moting properties. Rather, understanding its complex signal-
ing can be helpful in finding new therapeutic targets for
specific cancers."* Apart from this, human papilloma-virus
(HPV) linked cancers are those that are associated with high-
risk HPV infections occurring in multiple locations but have
similar biological and immunological characteristics. HPV
inhibits the activation of immune cells like NK and cytotoxic T
cells by altering the antigen presentation pathway. One of the
main causes of cervical cancer is a persistent oncogenic HPV
infection. Although cervical carcinomas have an abundance of
CD8" T cells in their stroma, HPV-induced downregulation of
chemoattractants renders these cells ineffective in preventing
tumor progression. Viral oncoproteins E6 and E7 play signifi-
cant roles in the initiation and malignant progression.
Overexpression of the HPV16E7 oncoprotein has been found
to boost the PD-L1 expression while suppressing CTL activity
and  peripheral blood mononuclear cell (PBMC)
proliferation.*>*®

Due to their expression in the TME, several lectins and
glycans have recently emerged as novel tumor checkpoints.'”
Aberrant glycosylation is an eminent trait of tumor cells that
has been extensively investigated in several studies.'® Altered
glycan expression accelerates tumor growth, and their
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expression pattern can be utilized as a biomarker to dis-
tinguish between various cancers.'® These glycans interact
with their respective lectin receptors expressed on either
tumor cells or immune cells, dampening the anti-tumor
immune response.”® Consequently, it is crucial to uncover the
glycan-lectin networks implicated in tumor growth and meta-
stasis since they provide a prospective target for tumor immu-
notherapeutics. Additionally, blocking these interactions
might prove to be a splendid strategy to boost the efficacy of
anti-tumor immunotherapies.

In this review, we aim to explore glycan-lectin ICs and their
influence on the efficacy of GNVs. We also discuss various ICs
in the TME, followed by the drawbacks of immune checkpoint
inhibitors (ICIs). We will also emphasize the altered glycosyla-
tion profile of tumors, addressing their immunosuppressive
nature along with ways in which CLRs, siglecs, and galectins
contribute in immune evasion and cancer progression.
Considering the resistance towards ICIs, current and prospec-
tive approaches for targeting glycan-lectin circuits and future
prospects of these endeavors for harnessing the full potential
of GNVs will also be highlighted.

2. Tumor checkpoints: current
scenario

2.1. Principal tumor checkpoints

ICs have been proved to be crucial in cancer immunotherapy
and inflammatory responses. ICs have been observed to be
dysregulated in various cancers. ICs, as well as other regulatory
cells, including M2 M@s, MDSCs, Treg cells, and cytokines, are
often triggered during malignancies and infections. Due to the
dysregulation of immune checkpoint signals, cancer cells can
subvert the immune response and deviously bypass the anti-
cancer immunity.>! Two types of signal are necessary for T cell
activation: the first signal is produced when the antigenic
peptide/MHC present on APCs interacts with the TCR along
with other signals entailing co-signaling chemicals that are
independent of any antigen. It is noteworthy that ICs, which
operate as co-stimulators or co-inhibitors, strictly control T cell
activation. Engagement of costimulatory receptors, such as
CD28, is also essential for MHC/antigenic peptide complex
and TCR interaction to result in T cell proliferation and
migration toward a particular antigen. Contrarily, if coinhibi-
tory receptors are activated concurrently with MHC/antigenic
peptide complex and TCR binding, it will disrupt the T cell
activation.*>*?

CTLA-4 is an inhibitory costimulatory molecule expressed
by activated CD4" and CD8" T cells, B cells, human muscle
cells, placental fibroblasts, monocytes (MO), granulocytes,
embryonic stem cells, etc. CTLA-4 downregulates T cell acti-
vation by interfering with CD28:B7 binding. Intracellular
expression of CTLA-4 on mature DCs (mDCs) leads to downre-
gulation of DC maturation and antigen presentation.”**’

PD-L1 is displayed by B and T cells, NK cells, several APCs,
tumor cells, and vascular endothelial cells (ECs). PD-1, which
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is a receptor for PD-L1, is expressed by B and T cells, NK cells,
DCs, MOs, and M@s. PD-L1, upon interacting with PD-1,
downregulates T cell activity, which helps PD-L1-expressing
tumor cells to escape CTL-mediated cell death.>®

TIM-3 is largely expressed on fully differentiated T helper
cell type 1 (Th1) and, upon binding to Gal-9, reduces Thl
responses by inducing the death of IFN-producing Th1 cells.
The soluble form of TIM-3 suppresses Th1 responses, lowering
antigen-specific T cell responses and hence downregulating
anti-tumor immunity.>” TIM-3 also serves as a potent inhibitor
of CD4" T helper and CD8" CTLs.*®

LAG-3 is expressed on B cells, NK cells, TILs, and DCs.
LAG-3 has a higher affinity for the nonholomorphic region of
MHC class II compared with CD4 and is in charge of suppres-
sing the proliferation, activation, and homeostasis of T cells.
LAG-3 also exhibited synergistic effects with PD-1 and PD-L1,
and further LAG-3 and PD-1 collectively inhibit T cell function
along with antitumor immune responses.>**°

TIGIT is found on memory and regulatory CD4" T cells, NK
cells, T cells, follicular helper T cells, as well as follicular Treg
cells.**** TIGIT and CD226 compete for binding with CD155.
CD155 binding to CD226 increases activation of T cells;
however, binding of CD155 to TIGIT leads to decreased T cell
activation. In melanoma patients, it has been shown that the
expression of TIGIT is elevated in TILs and antigen-specific
CDS8" T cells. Furthermore, CD155 expression is also increased
in melanoma cells and the interaction of TIGIT with CD155
leads to the inhibition of T cell responses. Similarly, an
increase in TIGIT'CD8" T cells has been shown in gastric
cancer and these undergo metabolic reprogramming and show
functional T cell exhaustion. Additionally, CD155 over-
expression in gastric cancer cells and its interaction with
TIGIT inhibits glucose uptake by TIGIT'CD8" T cells, impair-
ing T cell effector functions.*

BTLA is highly expressed by activated T cells; however its
expression is low on naive T cells, NK cells, M@s, B cells, and
DCs.** Hematopoietic and parenchymal cells such as breast,
esophageal, ovarian, melanoma, and colorectal cancer cells
express high amounts of herpesvirus entry mediator (HVEM),
which induces BTLA tyrosine phosphorylation and inhibits T
cell proliferation upon binding with BTLA.>**® Elevated
expression of BTLA on NK cells competes with CD160 for
binding to HVEM (a common ligand for both), to provide
inhibitory signals for NK cell cytotoxic activity, therefore
impairing the immunosurveillance.?”

2.2. Checkpoints’ role in tumor progression

Cancer progression has been aided by various immune subver-
sion mechanisms such as anti-inflammatory cytokine pro-
duction, induction of Treg cells, and expression of ICs.*®
Increased expression of ICs and their role in cancer pro-
gression and immune evasion is widely known. Expression of
CTLA-4 was significantly elevated in patients with stage IV
medullary thyroid cancer, and patients with higher CTLA-4
levels are at high risk of tumor recurrence.’® Another study
demonstrated that 30% of cervical malignancies were positive
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for CTLA-4.*° Overexpression of PD-L1 in early-stage tongue
squamous cell carcinomas (SCC) was reported, and lymph
node metastasis (LNM)-positive cases had higher PD-L1.*!
Increased PD-L1 levels in around 20% of triple negative breast
cancer (TNBC) cases were found to be involved in inhibition of
proliferation and enhanced apoptosis of T cells.*> Aberrant
expression of PD-L1 is also associated with increased risk of
cancer progression and cancer-specific death in clear cell renal
cell carcinoma (ccRCC).*

TIM-3 is overexpressed in cervical cancer, and patients with
greater levels of TIM-3 had advanced grades of cancer, higher
metastatic potential, and lower overall survival rates.**
Overexpression of TIM-3 has also been observed in glioblas-
toma, where it is the most prevalent co-inhibitory IC and plays
a regulatory role in the malignant behavior of glioma cells.
TIM-3 is also responsible for an immunosuppressive TME by
promoting anti-inflammatory/pro-tumorigenic M@ activation
and T cell exhaustion.*® Increased TIM-3 expression on CD4" T
cells was also observed in non-small cell lung cancer (NSCLC)
and was found to be responsible for LNM and advanced
cancer stages."®

LAG-3 overexpression on TILs from NSCLC was found to be
correlated with PD-1 overexpression on TILs as well as PD-L1
on tumor cells. LAG-3-overexpressing TILs were more prevalent
in nonadenocarcinoma than in adenocarcinoma, and the pres-
ence of LAG-3 alone or in combination with PD-1/PD-L1 was
responsible for early postoperative recurrence.’”” LAG-3
expression has also been linked to angiogenesis and poor
prognosis in those with hepatocellular carcinoma (HCC).*®

A subset of TILs was also shown to overexpress TIGIT. High-
affinity ligand of TIGIT, CD155, was shown to be overexpressed
on pancreatic ductal adenocarcinoma (PDAC) cells and
increased signaling via the TIGIT/CD155 axis was implicated
in immune evasion in PDAC.*> A considerable rise in the
number of TIGIT" T cells in gastric cancer patients is engaged
in immune dysfunction and tumor growth.*?

Overexpression of BTLA in gastric cancer was found to be
associated with LNM and cancer progression.>® Patients with
lymphatic invasion and advanced tumor stage had increased
levels of BTLA expression, which resulted in shorter relapse-
free and overall survival, indicating the role of BTLA in cancer
progression and poor prognosis in NSCLC.**

2.3. Impact of ICs on GNV-mediated immune responses

XPT-based glycan-conjugated nanovaccines ‘the GNVs’ are
emerging as a novel cancer immunotherapy strategy. GNVs are
effective for targeting CLRs on APCs because glycans are
widely present in the body, and their immunogenicity is rela-
tively low. Therefore, glycans are ideal in the preparation of
DC-targeted immunotherapies. However, due to various
genetic and epigenetic alterations caused by high mutation
rates in cancer, several inhibitory ICs are upregulated, which
suppress the anti-tumor immunity and promote the immuno-
suppressive TME, which can be detrimental to the effective-
ness of the GNVs, making it necessary to inhibit these ICs.?
CTLA-4, upon engagement with B7 on APCs, has been impli-
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cated in a variety of inhibitory processes, for example, inhi-
bition of cytokine production and T cell proliferation. B7
engagement with CTLA-4" Tregs induces activation of the
enzyme indoleamine 2,3-dioxygenase, which results in the
initiation of tryptophan catabolism in DCs, and thus reduces T
cell proliferation and survival.’® Downregulation of CD80/
CD86 expression on APCs occurs through CTLA-4-dependent
Treg trogocytosis. This process disrupts cis-CD80/
PD-L1 heterodimers, leading to an increase in the population
of APCs that are low in CD80 and high in PD-L1 expression.
Together, these effects allow Tregs to have dual suppressive
actions: they limit the T cell stimulatory activity of APCs and
promote the upregulation of PD-L1, which inhibits PD-1"
effector T cells.” The presence of CTLA-4 on breast cancer
cells is shown to suppress DC maturation and inhibit the capa-
bility of DCs to promote the differentiation of naive CD4" T
cells into IFN-y* Th1 effector cells. DCs treated with CTLA-4"
breast cancer cells showed less potency in stimulating CD8" T
cells to produce granzyme B, thus suppressing the functions of
CTLs and antitumor immune activation in a CTLA-4-depen-
dent manner.’” Elevated PD-1 expression on TILs as well as
MART-1/Melan-A melanoma antigen-specific CD8" T cells is
associated with the exhausted phenotype of TILs with an
impaired effector function.”® PD-L1 expression on tumor cells
is able to directly inhibit the CD8" T cell cytotoxicity in the
TME, supporting tumor growth by suppressing the anti-tumor
immune response aimed towards PD-L1-expressing tumor
cells.>® TIM-3 negatively regulates innate and adaptive immu-
nity and plays a significant role in cancer immunity. TIM-3 has
been shown to regulate membrane transfer among TIM-3-
expressing APCs and CD8' TILs in a phosphatidylserine-
dependent manner in the TME and suppress CD8" T cell-
mediated anti-tumor immunity via T cell trogocytosis and fra-
tricide killing.>® TIM-3 is highly expressed on human DCs,
which coordinates with TLRs promoting inflammation, and
once the Th1 response is generated, TIM-3, which is expressed
on terminally differentiated Th1 cells, induces Gal-9 upregula-
tion, resulting in a termination of the Th1 immune response.
Tim-3 also acts in the regulation of pro- and anti-inflammatory
innate immune responses. The expression of proinflammatory
cytokine IL-12 and anti-inflammatory cytokine IL-10, as well as
the activation-associated up-regulation of PD-1, are dependent
on Tim-3 expression and signaling. Tim-3 acts as a brake on
TLR-driven IL-12 and IL-10 expression during innate immune
responses determining the inflammatory outcome.>**” LAG-3
negatively regulates the activation of T cells and contributes to
the exhaustion of CD8" T cells. Expression of TIGIT is associ-
ated with decreased cytokine production, degranulation, and
cytotoxicity in human NK cells and can directly inhibit the
activation and proliferation of effector T cells.’®

2.4. Existing strategies to tackle checkpoint-mediated
immune evasion

With the advent of immunotherapy, therapeutic approaches
for the treatment of cancer have undergone a significant trans-
formation recently.” James Allison and Tasuku Honjo in 2018
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shared the Nobel Prize in Physiology & Medicine in recognition
of their independent work developing approaches that boost
the immune response against tumor cells. ICIs refer to a group
of mAb-based therapies that strive to prevent ICs from enga-
ging with their ligands. These treatments mainly target PD-1,
PD-L1, and CTLA-4. Due to the longevity of the responses and
the impacts on overall survival of the patients, ICIs have
received a lot of attention. Although various antibodies are
already FDA-approved for various cancers, therapies targeting
ICs, such as TIM-3, TIGIT, and BTLA, are still under
development.®°

CTLA-4, being the negative regulator of T cell function, has
emerged as a desirable therapeutic target for boosting T cell
activity. Ipilimumab, marketed as Yervoy®, was first FDA-
approved in 2011 as a human CTLA-4-blocking antibody impli-
cated in the treatment of metastatic melanoma.®’ Primary ana-
lysis of pooled data from multiple studies, 10 prospective and
2 retrospective, assessing the long-term survival of 1861
patients with advanced melanoma showed that ipilimumab
treatment has a 3-year survival rate with the survival time of
some patients nearing 10 years.®> Although ipilimumab is pre-
sently only licensed as a therapy for melanoma patients, it is
being studied for the treatment of several other cancers,
including renal cell carcinoma (RCC), NSCLC, HCC, colorectal
cancer (CRC) and esophageal cancer (NCT02231749,
NCT02477826, NCT01658878, NCT02060188 and
NCT03143153). Another CTLA-4-blocking antibody, tremelimu-
mab (brand name Imjudo), in combination with durvalumab,
was approved by the FDA for treating adult individuals having
unresectable HCC. Furthermore, the combination of tremeli-
mumab with durvalumab and platinum-based chemotherapy
was also approved for treating adult patients with metastatic
NSCLC.*

Following the findings of KEYNOTE-001 clinical trial
(NCT01295827), which examined patients with unresectable or
metastatic melanoma, the FDA initially approved pembrolizu-
mab, marketed as Keytruda®, as the first humanized IgG4
antibody against PD-1, in September 2014.°* The FDA
approved nivolumab, a completely human IgG4 monoclonal
antibody (mAb) sold as Opdivo®, in December 2014. Its
approval was based on the outcomes of the CheckMate 037
study, which demonstrated a superior therapeutic efficacy of
nivolumab compared with chemotherapy in those with meta-
static melanoma where tumors had progressed even after treat-
ment with ipilimumab.®®®® Libtayo (cemiplimab-rwlc) is a
PD-1-blocking antibody used for treating patients with
cutaneous squamous cell carcinoma (CSCC) (approved in
2018) and basal cell carcinoma (BCC) (approved in 2021).°7®

Three PD-L1-blocking antibodies have so far received FDA
approval. Genentech’s atezolizumab, marketed as Tecentriq,
was approved in 2016 to treat adult patients with metastatic
urothelial carcinoma who were ineligible for cisplatin-contain-
ing chemotherapy or those who experienced disease pro-
gression during or after platinum-containing chemotherapy.®®
Additionally, this therapy can be used in conjunction with bev-
acizumab, paclitaxel, and carboplatin as first-line therapy for
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patients suffering from metastatic non-squamous NSCLC who
do not have mutations of epidermal growth factor receptor
(EGFR)/anaplastic lymphoma kinase (ALK).”® Adult patients
having unresectable locally advanced or metastatic HCC who
have not undergone prior systemic therapy can receive atezoli-
zumab in conjunction with bevacizumab.”* Atezolizumab can
be utilized as a first-line therapy for the patients with exten-
sive-stage small cell lung cancer (ES-SCLC) in conjunction with
carboplatin and etoposide.”® Furthermore, the combination of
the PD-L1 inhibitor atezolizumab with the BRAF pathway-tar-
geting drugs cobimetinib and vemurafenib has been shown to
be a safe and effective therapy option for patients with BRAF
V600 mutation-positive metastatic melanoma.”® Imfinzi (dur-
valumab) is another PD-L1-blocking antibody which is impli-
cated in the treatment of patients with locally advanced, unre-
sectable stage III NSCLC.”* Durvalumab can also be used as
first-line therapy for adult patients with ES-SCLC in conjunc-
tion with etoposide and either carboplatin or cisplatin.”®
Avelumab, a fully human IgG1 anti-PD-L1 antibody marketed
as Bavencio®, was authorized in 2017 for treating patients of
12 years of age and above with metastatic Merkel cell carci-
noma (MCC).”® In 2022, the FDA-approved Opdualag™, which
combines nivolumab targeting PD-1 along with the LAG-3-
blocking antibody relatlimab for the treatment of adult and
pediatric patients aged 12 years and older having unresectable
or metastatic melanoma.””

Despite the astounding performance of ICIs in enhancing
the rate of outcome in a particular patient population, only
20-30% of patients having RCC, NSCLC, and melanoma have
benefitted through this therapy. This unresponsiveness
towards ICIs may be characterized into two classes of patients:
those who did not react whatsoever (primary resistance) and
those who relapsed following incomplete response to treat-
ment with ICIs (acquired resistance). These non-responder
patients are subjected to exorbitant therapy expenditures and
side effects, with little advantage from these therapies. The key
reason for patients not efficiently benefiting from ICIs is
associated with the defect in the behavior of the T cells within
the TME. Tumor intrinsic resistance is generally due to the
loss or gain of mutations in the tumor suppressor genes and
oncogenes, respectively. As for the extrinsic factors of resis-
tance, an immunosuppressive TME evades the immune-
mediated eradication of cancer cells by depleting the required
nutrition or by producing materials that are deleterious for the
immune cells. Even though the ICIs potentiate T cell acti-
vation, other essential steps are required for the immune-
mediated killing of the tumor to precisely control the tumor
growth.”® Apart from this, various genetic, epigenetic, and
metabolic changes prevent trafficking of T cells to the tumor
site trigger dysfunction in immune cells, hinder antigen pres-
entation, and promote tumor survival. Additionally, lifestyle
factors, such as obesity and microbiome composition, also
affects the resistance towards ICIs.”® It has been shown that
TROP2 overexpression is recognized as a major driver of
primary resistance to PD-L1 blockade in advanced NSCLC,
resulting in a significantly lower progression-free survival (PFS)
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and worse overall survival (OS) in atezolizumab-treated
patients. Mechanistically, overexpression of TROP2 suppresses
anti-tumor immunity by reducing T cell infiltration. It has also
been shown that the overexpression of TROP2 is also linked
with decreased gamma delta T cells and Th1 cells within the
TME.*® In another study, it was shown that there are 3 key
mechanisms that lead to resistance to ICIs in melanoma,
namely antigen loss via melanoma de-differentiation, impaired
antigen presentation, and immune cell exclusion through
PTEN loss. The de-differentiation is driven by the sustained
tumor-intrinsic IFNy signaling which is associated with the
altered melanoma secretome and promotes an immunosup-
pressive TME that is enriched with exhausted CD8" T cells. In
addition, defects in MHC class I and MHC class II expression,
often induced by mutations in p2M, and CIITA, were also
found to disrupt antigen presentation. Additionally, PTEN loss
is linked to immune exclusion, particularly in brain metas-
tases, preventing effective T cell infiltration.®! Furthermore, re-
sistance to ICIs in melanoma develops through distinct
mechanisms depending on the type of therapy. Anti-CTLA-4-
resistant tumors have sustained immune response with
expanded TCR clones. However, these tumors contained high
numbers of FOXP3" T cell whose immunosuppressive activity
is TCR signaling-dependent indicating that the augmented
TCR clonality displays a heightened immunosuppressive
milieu mediated by FOXP3" Treg cells. In contrast, anti-PD1-
resistant tumors are immune-depleted, bearing significantly
reduced CD8" T-cell infiltration, unexpanded TCR clones, and
loss of MHC class I expression. Such an immune-poor TME is
associated with melanoma cells with a de-differentiated phe-
notype that lacks expression of MHC class I molecules.®” Apart
from this, it has been shown that one of the major obstacles to
the success of PD-L1 blockade in NSCLC is acquired resis-
tance, in over 60% of initial responders. Acquired resistance
has been proved to be associated with persistent IFNy signal-
ing, which causes immune dysfunction and CD8" T cell
exhaustion.®? Additionally, tumor-associated fibrosis in NSCLC
is found to contribute resistance to ICB. Large amounts of
fibrosis have been shown to be associated with reduced T cell
infiltration, impaired DCs, and altered M@ phenotypes, favor-
ing immunosuppression. CAFs expressing Col13al also
promote immune resistance by recruiting M@s and Tregs
while restricting DC and T cell recruitment.®® Furthermore,
gastric cancer peritoneal metastases (GCPM) have been shown
to develop an immunosuppressive TME governed by the
stroma-myeloid niche which consists of SPP1"TAMs along with
thrombospondin 2 (THBS2)" matrix CAFs (mCAFs), which
promote resistance to ICB therapy in GCPM. This resistance is
mediated by CAF-MO crosstalk through the C3-C3a receptor 1
(C3AR1) axis, where aberrantly accumulated THBS2 'mCAFs
facilitate the peritoneum-specific tissue-resident M@ recruit-
ment as well as their conversion into SPP1"TAMs through C3
and C3AR1, establishing a tumor-promoting stroma-myeloid
niche in GCPM.® In another study it has been revealed that
chronic IFN-y stimulation leads to epigenetic changes in
cancer cells, creating inflammatory memory domains
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(IFN-IMDs) that sustain immune suppression. STAT1 controls
active enhancers for IFN-IMDs, while interferon regulatory
factor 3 (IRF3) maintains chromatin accessibility even after
IFN signaling diminishes. The primed enhancers upregulate
IFN-stimulated resistance signature (ISG.RS) genes like OAS1,
amplifying the IFN-I pathway and promoting the expression of
immune inhibitory genes. This prevents IFN production by
immune cells, disrupts T cell-DC interactions, and induces
CD8' T cell exhaustion. Eventually, resistant cancer cells
acquire IMDs to develop a self-sustaining IFN-I-mediated feed-
back loop that reinforces immune dysfunction and ICB
resistance.®®

Given the resistance to ICIs, it is crucial to look for other
checkpoints implicated in immunosuppressive TMEs and ways
to block them. Glycan-lectin interactions are one such focal
point that can be studied for their reverberations in immuno-
suppressed TMEs and the fashion in which they can be
blocked.

3. Glycans as new emerging
checkpoint in TMEs

Nearly all essential molecular processes, such as intracellular
signaling, cell-cell communication, cell-matrix adhesion, and
various signal transduction cascades, involve glycan expression
on the cell surface and ECM, which can be present as free
form or as glycoconjugates. Glycosylation is a post-transcrip-
tional modification that involves the enzymatic activity of gly-
cosyltransferases, which give rise to glycosidic linkages
between saccharides and other saccharides, proteins, or lipids.
Glycoconjugates are mainly described on the basis of the
nature and type of linkage with their non-glycosyl part.
Glycoproteins can consist of various glycan structures which
are covalently bound to polypeptide backbones. N- and
O-linked glycosylation are major mechanisms involved in the
addition of glycans to polypeptide backbones. Glycosylation,
being a non-template process, has scope for a range of modifi-
cations in their machinery induced by various internal or
external stimuli, which can be blamed for the development of
various diseases.'®®” Therefore, aberrant glycosylation is con-
sidered as hallmark of various cancers.

3.1. Aberrant glycosylation in TMEs

Altered glycosylation is a well-recognized trait of cancer cells
that contributes to the development of tumor-associated
carbohydrates. Tumor cells display a vast array of glycosyla-
tion modifications compared with normal cells. As these
glycan modifications are protein-, site-, and cell-specific, they
encourage molecular heterogeneity and functional variation
within diverse cell populations. Apart from protein glycosyla-
tion, each cell also displays a specific glycolipid profile, and
with the transformation of normal cells, there is a change in
glycolipid profile as a result of certain developmental arrests
or regressions. Incomplete synthesis and neo-synthesis are
the key mechanisms vital for the tumor-associated alterations
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in glycans. Incomplete synthesis is usually observed in the
initial stages of cancer development, which is the repercus-
sion of the hindered development of glycans on normal epi-
thelial cells due to the partial impairment of transcription of
glycogenes involved in the production of complex glycans
leading to the formation of truncated glycans such as sialyl
Tn (STn) on malignant cells. The development of particular
antigens, like sialyl Lewis a (SLe?) and sialyl Lewis x (SLe¥),
which are expressed de novo in various cancers, is a common
example of neo-synthesis, frequently found in advanced
stages of cancer.?”°° Altered glycan expression in cancer cells
occurs due to a number of reasons, which include altered
expression (under/over) of glycosyltransferases as a conse-
quence of dysregulation at transcriptional levels,” impaired
chaperone function®® and alteration in glycosidase activity.”?
A change in the tertiary conformation of the peptide back-
bone is another factor contributing to altered glycan
expression. Altered glycosylation can also be attributed to the
variability of diverse acceptor substrates, along with the avail-
ability and abundance of sugar nucleotide donors and cofac-
tors.”* The expression as well as the placement of pertinent
glycosyltransferases in the Golgi apparatus can also influence
glycan expression.”®

The process of cancer development, tumor progression and
subsequent metastatic spread has been shown to be linked to
a loss of cell-cell adhesion, and acquisition of the ability to
migrate and invade the surrounding healthy tissues. These
processes have also been linked to EMT. Changes in the glycan
profile of cancer cells have been shown to influence migratory
and invasive processes, which contribute to the development
of metastatic cancer.’®®”

E-cadherin, a vital transmembrane glycoprotein, serves as a
key cell-cell adhesion molecule in epithelial cells, playing a
crucial role in EMT.”” The interplay between O-mannosylation
and N-glycosylation is responsible for the dysregulation of
E-cadherins.”® E-cadherin mediates cell-cell adhesion that
functions in the formation of a multiprotein complex that is
anchored to the actin cytoskeleton, known as adherens junc-
tions (AJs). E-cadherin-mediated AJs are prone to changes in
their composition and stability because of their dynamic
nature. Changes in the composition and amount of the
N-linked glycan status of E-cadherins affects the stability of AJs
by directly affecting E-cadherin-related protein complexes and
their links to the cytoskeleton as described in Fig. 3.%°
Overexpression of the gene DPAGTI is associated with exces-
sive N-glycosylation of E-cadherin, which is implicated in the
production of complex N-glycan modified E-cadherins linked
to impaired maturation of AJs, demonstrating reduced connec-
tion with y-catenin, o-catenin, and vinculin.'® In diffuse
gastric carcinoma, N-acetylglucosaminyltransferases V have
shown detrimental effects on E-cadherin as they catalyze its
modification through the production of 1,6 GlcNAc branched
structures, which leads to disruption of the cadherin/catenin
complex, thereby impairing cell aggregation and further result-
ing in tumor cell invasion and progression.'®" Furthermore,
elevated O-GlcNAcylation in fibroblast cell lines increases the
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Fig. 3 Glycosylation of adhesion molecules and their role in cancer progression: loss of cell—cell contact and cell adhesion has been seen during
cancer growth, with implications for immune evasion and metastatic spread. The increased tendency of cancer cells for migration, which is followed
by EMT, is also connected to a loss of cell adhesion. These mechanisms have been demonstrated to be influenced by the glycosylation of the
adhesion molecules present in the TME. (a) The alteration of E-cadherin through the addition of p1,6-N-acetylglucosamine (p1,6GlcNAc)-branched
N-glycan structures via increased activity of N-acetylglucosaminyltransferase V weakens cell adhesion and further increases tumor cell invasion.
Alterations in O-GlcNAcylation are linked to the development of cancer; (b) integrins exhibit differential glycosylation in both O- and N-linked
glycans during the migration of tumor cells. Interactions between cells and the ECM are hampered by terminal sialylation, which encourages a more
migratory and invasive phenotype; (c) cancer cell adhesion and metastasis are aided during extravasation by the tumor-associated carbohydrates
SLe® and SLe*, which act as ligands for receptors involved in adhesion, such as E-selectin, P-selectin, and L-selectin (created in BioRender. Jain, M.
(2025) https://BioRender.com/k82s187).
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Table 1 Enzymes associated with aberrant glycosylation in cancer
Glycosyltransferase Type of glycosylation Implication in cancer Ref.
Polypeptide N-acetylgalactosamine- O-Glycosylation In gastric cancer, GALNT1 overexpression 105
transferase 1 (GALNT1) enhances malignancy via promoting the Wnt/
f-catenin signaling pathway through aberrant
O-glycosylation of CD44
Polypeptide N-acetylgalactosamine- O-Glycosylation By altering O-glycosylation and EGFR activity, 106
transferase 2 (GALNT2) GALNT?2, which is overexpressed along the
invasive edge of OSCC, enhances the invasive
capabilities of OSCC cells
Polypeptide N-acetylgalactosamine- O-Glycosylation GalNAc-T3 affects the growth and survival of 107

transferase 3 (GalNAc-T3)

Polypeptide N-acetylgalactosamine-
transferase 4 (GalNAc-T4)

Polypeptide N-acetylgalactosamine-
transferase 6 (GALNT®6)

Polypeptide N-acetylgalactosamine-
transferase 7 (GALNT?)

Polypeptide N-acetylgalactosamine-
transferase 10 (GALNT10)
Polypeptide N-acetylgalactosamine-
transferase 12 (GALNT12)

Polypeptide N-acetylgalactosamine-
transferase 14 (GALNT14)

Core 1 p1,3-galactosyltransferase
(C1GALT1)

N-Acetylgalactosaminide a-2,6-
sialyltransferase 1 (ST6GalNAc-I)

ST3 f-galactoside a-2,3-sialyltransferase

1 (ST3GAL1)

ST6 f-galactoside a2,6-sialyltransferase

1 (ST6GAL1)
Core2 f-1,6-N-

acetylglucosaminyltransferase (C2GnT)

N-Acetylglucosaminyltransferases V
(GnT-V)

Fucosyltransferase IV (FUT 4)

Fucosyltransferase VI (FUT 6)

Fucosyltransferase VII (FUT 7)

Fucosyltransferase VIII (FUT 8)

transcriptional activity of p-catenin and elevates the expression
of p-catenin and E-cadherin, which is associated with
increased cell migration. In vivo studies in a murine orthotro-
pic CRC model also showed that elevated O-GlcNAcylation is

O-Glycosylation

O-Glycosylation

O-Glycosylation

O-Glycosylation

O-Glycosylation

O-Glycosylation

O-Glycosylation

Sialic acid addition to initiating GalNAc
residues forming STn on glycoproteins
Addition of a2,3-linked sialic acid to Gal
f1,3 GalNAc

Addition of a2,6-linked sialic acids to
N-glycosylated proteins

Forms N-acetylglucosamine branches in the
O-glycans (core2 O-glycans) of cell surface
glycoproteins

Addition of f1,6 GlcNAc branching
N-glycans

Fucosylate oligosaccharides by transferring
GDP fucose to the terminal
N-acetylglucosamine with the a1,3-linkage
Fucosylate sialylated acceptors and produce
sialyl Lewis antigens

Fucosylate sialylated acceptors and produce
sialyl Lewis antigens
Core fucosylation

This journal is © The Royal Society of Chemistry 2025

and a high mortality rate.

pancreatic cancer cells by supporting the activity
of O-glycosylated proteins

In CRC, GalNAc-T4 is increased in stages I and II
(non-metastatic stages) and enhances the
capacity for colony and sphere formation, two
critical aspects of cell tumorigenicity

By directly interacting with and O-glycosylating
the chaperone protein GRP78, GALNT®6 increases
MEK1/2/ERK1/2 signaling in lung cancer cells,
hence promoting EMT

GALNT?7 promotes the growth of prostate tumors
via altering the O-glycosylation of prostate cancer
cells

Ability of gastric cancer cells to proliferate and
migrate could be regulated by GALNT10
GALNT12 affects the PI3K/Akt/mTOR axis, which
promotes the malignant features of glioblastoma
multiforme

GALNT14 promotes the first stage of mucin-type
O-glycosylation and changes cell motility,
proliferation, EMT gene expression, and MMP-2
activity, all of which lead to breast cancer
invasion

By altering the O-glycosylation and activity of
FGFR2, C1GALT1 overexpression increases the
invasive potential as well as stem-like cell
characteristics of colon cancer cells

By altering the sialylation of MUC5AC,
ST6GalNAc-I facilitates lung cancer metastasis
The sialylation of Tn to STn increases when
ST3GAL1 is overexpressed. In ovarian cancer,
overexpression of ST3GAL1 promotes cell
invasion, migration, and proliferation

ST6GAL1 promotes tumor cell migration,
invasion, apoptosis resistance, and EMT

C2GnT encourages prostate cancer cells to
survive longer in the host bloodstream, which
will promote prostate cancer metastasis
E-cadherin is destabilized by GnT-V, which
results in its mislocalization and unstable
adherens junctions, which hinder cell-cell
adhesion, tumor cell invasion, and tumor cell
progression

Encourages cell proliferation and cell cycle
progression by overexpressing Le”

Boosts the tumor growth by altering the
expression of p21 and the PI3K/Akt signaling
pathway

Promotes the EMT and immune infiltration in
bladder urothelial carcinoma

Promotes invasion and metastasis of pancreatic
ductal adenocarcinoma

102

108

109

111

112

113

114

115

116

117

118

101

119

120

121

122

responsible for increased tumor and metastatic progression,
On the other hand, in ovarian
cancer, elevated O-GlcNAcylation facilitates cancer cell mobi-
lity and resonates with a decrease in E-cadherin levels along
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with inhibition of E-cadherin/catenin complex formation,
thereby lowering the intercellular adhesion.'®

Aberrant O-glycosylation is a common occurrence on the
tumor cell surface and is often associated with poor prognosis
and adverse outcomes in cancer patients. In Golgi bodies, T,
Tn, and STn antigens can be synthesized with the help of gly-
cosyltransferases like T-synthase and ST6GalNAc-I as shown in
Table 1. Core 1 synthase-specific molecular chaperone (Cosmc)
is a distinct molecular chaperone for T-synthase, facilitating
its proper folding within the ER. Dysregulation of glycosyl-
transferases, molecular chaperones, or the environment can
all contribute to O-glycan dysregulation. Tn, STn, and T anti-
gens are frequently neo- or over-expressed in various cancers,
including gastric, prostate, colon, endometrial, breast, esopha-
geal, and lung cancer.'®*

Under normal circumstances, Tn antigen is modified
through O-glycosylation to form elongated and complex
O-glycans through T-synthase in the Golgi bodies of the cell.
This process makes Tn antigen undetectable in healthy
tissues. T-synthase and Cosmc play a crucial role in normal
O-glycosylation processes. However, dysfunction in Cosmc due
to mutations, deletions, or hypermethylation can cause Tn
antigen expression in various cancers.'*® Furthermore, unique
adhesive interactions between cancer cells and endothelium
mediated by altered glycosylation, especially GalNAc-glycans
like Tn antigen, are often associated with metastatic dissemi-
nation and poor prognosis in a number of malignancies."**
Additionally, Tn antigen has also been shown to be implicated
in activation of the EMT pathway in CRC, which was indicated
by a decrease in expression of epithelial cell marker expression
like E-cadherin and a consequent increase in the expression of
mesenchymal markers like N-cadherin, vimentin, and Snail
owing to upregulated expression of H-Ras in Tn* CRC cells."*®
Interaction of Tn' lung cancer cells with macrophage galac-
tose-type lectin 2 (MGL2)'CD11¢'F4/80" cells is what contrib-
utes to the recruitment of IL-10-producing T cells and tumor
angiogenesis. Additionally, the ability of Tn" lung cancer cells
to secrete vascular endothelial growth factor (VEGF) is linked
to CD31 expression on these cells, which most likely results in
the development of highly vascularized lung tumors.*® In
addition to these, Tn antigen in TNBCs promotes lung meta-
stasis in conjugation with local and systemic immunosuppres-
sion at the site of the primary tumor and the metastasis.'*°

STn antigen is another truncated O-glycan that is pro-
duced by sialyltransferase ST6GalNAcl. Not only does
ST6GalNAc I produce STn antigen, but it is also capable of
transforming the whole glycosylation pattern of various glyco-
proteins in a variety of malignancies. In breast cancer, conco-
mitant with these alterations in glycosylation pattern, STn-
expressing tumors exhibit reduced cell adherence and
enhanced mobility which is responsible for the increased
tumorigenic potential of breast cancer cells.'*” A contribution
of STn antigen to the metastatic spread of gastric cancer is
also reported. Expression of STn antigen on the cancer cell
surface leads to heightened intraperitoneal metastasis and
tumor growth along with a shortened survival time, which
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may be caused due to accelerated cell proliferation, enhanced
migration, modified adherence to target matrices or cells,
and/or decreased apoptotic activity. Also, MUC1 and CD44
are the major carrier proteins of STn antigen, indicating their
possible involvement in acquisition of the metastatic pheno-
type by gastric cancer cells.'*® Both Tn and STn antigens are
upregulated in ovarian cancer cells found in serous effusions,
suggesting that this is a transient phenotypic shift that pro-
motes metastasis.'>® Aberrant expression of STn in pancreatic
cancer boosts the tumor growth and metastasis as well as
decreases the survival by inducing EMT and stemness fea-
tures in PDAC cells.”*® It is likely that in carcinomas, STn
expression reduces homotypic aggregation, thereby facilitat-
ing the escape of individual cells from the primary tumor.
Consequently, migration of STn-expressing single cells makes
the underlying mucosa more amenable to invasion, which
eventually allows these cells to reach lymph or blood vessels.
But for metastatic cells to spread and invade the target
region, they need to have specific adhesion properties. Thus,
these characteristics of the STn antigen aid in the explanation
of how it alters the phenotype of malignant cancer by promot-
ing more aggressive cell activity, such as a decrease in cell-
cell aggregation, increase in ECM adherence, migration, and
further invasion.™*

Overexpression of fucosylated epitopes is often observed on
the cancer cell surface (Fig. 4) and is mainly ascribed to elev-
ated expression of relevant fucosyltransferases (FUTSs). Lewis
(Le) antigens belong to the human histo-blood group antigen
system and are made up of terminal fucosylated carbohydrate
epitopes. Numerous cancers such as lung, breast, colorectal,
and pancreatic cancer have been documented to overexpress
Lewis antigens and associated FUT proteins."*® As seen in
lung cancer tissues, adenocarcinoma and squamous cell carci-
noma showed substantially higher levels of Le* expression
than small cell carcinoma. Contrarily, SLe* expression was
more prevalent in adenocarcinomas compared with squamous
cell or small cell carcinomas. Additionally, Le* and SLe* are
also implicated in the reduced survival span of patients."*?
SLe* is expressed more frequently in primary lung cancer than
SLe® and plays a crucial role in hematogenous metastasis."**
Apart from Le® and SLe, Le¥ is also expressed in NSCLC
tissues and is also considered as a prognostic marker related
to the grade of cancer differentiation."®> In young patients
(<50 years) having TNBC, Le* functions as a poor prognostic
marker for recurrence free-survival and is associated with
reduced overall survival."*® Additionally, Le’ antigen expression
in individuals with malignant breast cancer may be a reliable
indication of the level of malignancy. Le® and SLe* antigen
expression in breast cancer can also predict LNM."” However,
in the case of lymph node negative breast carcinomas,
increased Le™ expression is associated with reduced overall
survival of the patients."*® Higher expression of SLe® in highly
metastatic CRC cells has been attributed to effective extravasa-
tion, in contrast to lower levels of SLe® expression in non-meta-
static cells."®® In addition to being connected with disease

aggressiveness, such as undifferentiated histologic type,
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Fig. 4 Changes in glycosylation pattern with transformation of healthy cells to malignant cells: changes in glycosylation are common during cellu-
lar transformation and can happen early or late in the course of cancer. Among other essential biological functions, glycans support the recognition
of immune cells, cell-cell adhesion, and cell-ECM adhesion. Malignant cells often exhibit complex and branched oversialylated and/or fucosylated
N-glycans compared with healthy cells. Elongated LacNAc chains on N-glycans are also overexpressed on the cancer cells. On the other hand, less
complex and truncated O-glycans like T, Tn, and STn antigens, are expressed by malignant cells. Furthermore, a number of sialic acid-expressing gly-
cosphingolipids known as gangliosides, including trisialogangliosides like GT1b, disialogangliosides like GD1a, GD2, and GD1b, and monosialogan-
gliosides like GM3 and GM1a, have been linked to malignancy. Overexpression of “core” fucosylation, which attaches to the innermost GlcNAc of
N-glycans, is also considered crucial for cancer development and progression. Selectin ligands SLe®, which are terminal structures present on both
N- and O-glycans, may also be expressed by some cancer cells. These surface structural changes promote invasion, lymphatic and hematogenous
dispersion, immune evasion, and the development of motile and plastic cell forms. Cancer-associated glycans disrupt normal intracellular signaling
transduction pathways that lead to the activation of carcinogenic characteristics by disrupting the normal functioning of cell-surface receptors

(created in BioRender. Jain, M. (2025) https://BioRender.com/s28p848).

manner of severe invasion, and LNM, expression of SLe* is
also associated with tumor relapse.™

3.2. Immune cell-specific glycan coat

Glycosylation occurs in all secreted or cell surface proteins, as
well as in lipids, making it continuously accompany the con-
tacts between molecules on the cell surface or in serum. The
immune response stems from contacts between cells and
molecules, such as the formation of immunological synapses
between T cells and specialized cells, as well as interactions
between antigens and antibodies. Moreover, it is highly prob-
able that glycans contribute to and influence these immune
encounters. DCs are crucial for antitumoral immunity, in
which they can stimulate specific CTLs to target tumor cells."*!
DCs, being the primary APCs, hold promise for various anti-

This journal is © The Royal Society of Chemistry 2025

cancer immunotherapies. However, one of the significant chal-
lenges is approaches in enhancement of the maturation
profile of DCs and, specifically, antigen presentation to
CTLs."*” DC maturation leads to significant changes in the
expression of genes related to glycosylation such as galactosyl-
transferases, fucosyltransferases, and sialyltransferases. This
results in increased expression of LacNAc, sialylated glycans,
and Lewis structures.'®® Sialic acids, abundant on DCs, are
shown to be crucial in the regulation of DC maturation and
their interaction with other lymphocytes, such as T cells."**
The expression of sialic acids on DCs has the capacity to sup-
press both the maturation of DCs and their co-stimulatory
functions. Human monocyte-derived DCs (moDCs) are also
heavily sialylated and elimination of these sialic acids by siali-
dases like neuraminidase accelerates DC maturation. Sialidase
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treatment of DCs facilitates the induction of various phenoty-
pic and functional aspects of maturation, including enhanced
antigen presentation, co-stimulatory molecules, and gene-
ration of Th1 cytokines."**'** Increased sialic acid expression
on tDCs is responsible for their tolerogenic state. However,
withdrawal of sialic acids results in improved stimulatory
activity of iDCs, which in turn encourages T cell activation and
proliferation.'*® Sialic acid-containing glycans expressed on T
cell surfaces and APCs can serve as alternative ligands for
CD28. These glycans compete with well-established activatory
ligand CD80 on the APCs, leading to a weakened co-stimu-
lation. Furthermore, sialic acid removal resulted in increased
activation of the naive T cells during antigen presentation, as
well as enhanced revival of effector T cells."*”

3.3. Immune regulation by glycans

One of the attributes of cancer is its ability to elude host
immune surveillance. The innate immune system functions
by identifying molecular patterns, such as damage-associated
molecular patterns (DAMPs) and pathogen-associated mole-
cular patterns (PAMPs), triggering the secretion of pro-
inflammatory cytokines and activation of immune cells.'*?
However, in order to circumvent the antitumor response,
cancer cells employ a range of strategies including downregu-
lation of antigen presentation, production of cytokines that
induce an immunosuppressive TME, and expression of
1Cs.**° The presentation of self-associated molecular patterns
on host cells dampens pro-inflammatory signals through a
mechanism mediated via the expression of specific glycan
epitopes. Immune cells employ glycan-binding proteins
(lectins) to recognize these glycan epitopes expressed on the
surface of target cells, which attenuates the immune cell acti-
vation by inhibiting the activating signaling cascades. In
cancer, glycosylation of tumor cells aids in immune tolerance
by preventing an effective immune response, frequently by
upregulating SAMPs.'*® In TNBC tumors, B7 homolog 3
protein (B7H3) which is implicated in tumor cell migration,
proliferation, invasion, and angiogenesis, is aberrantly
N-glycosylated at NXT motif sites, which gives rise to its stabi-
lity and immunosuppression capability. To maintain its high
expression, FUT8 catalyzes B7H3 core fucosylation at
N-glycans. This aberrant glycosylation of B7H3 protein inhib-
ited the 26S proteasome-mediated protein degradation and is
responsible for maintaining B7H3 protein stability.
Additionally, tumor cells having glycosylated B7H3 show
reduced in vivo trafficking of tumor-reactive T and NK cells to
tumors. These findings shows that glycosylated B7H3 is a
critical immunosuppressive factor that regulates the immune
response in TNBC.'° GalNAc glycosylation has also been
shown to improve uptake of antigen, MHC class II presen-
tation, and CD4" T cell activation, all of which led to more
robust antibody responses. However, GalNAc glycosylation
may arrest MHC class I antigen presentation and activation of
CD8" T cells.’®® It has been shown that bladder cancer cells
expressing the O-glycan branching enzyme C2GnT are highly
metastatic because of their increased ability to evade NK cell
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immunity."®” T antigen, Tn, and STn are recognized as valu-
able markers for poorly differentiated adenocarcinomas and
mucinous carcinomas, which are often linked to poor clinical
outcomes.'*® Another study has shown that Tn glycosylation
of MUC6 protein significantly alters its B cell and T cell
immunogenicity, promoting tumor escape.'>® Increased
expression of truncated O-glycans, like Tn antigen, has been
observed in glioblastoma cell lines, in tissues derived from
patients, and lower levels are observed in lower-grade
gliomas. Additionally, an increased infiltration of immuno-
suppressive MGL'CD163" TAMs that bind to Tn antigen was
found in patient-derived glioblastoma tissues. Furthermore,
overexpression of O-linked glycans was linked to a higher fre-
quency of immunosuppressive PD-L1" M@s in murine
MGL-L" tumors and alterations in immune cell frequencies
in the bone marrow. These findings suggest that Tn antigen
expression influences both local and systemic immune
responses and therefore should be considered for possible
therapeutic and diagnostic avenues.'>

4. Lectin expression and cancer
immunity

The recognition of glycans expressed specifically in tumor
cells has been shown to influence the TME, significantly
contributing to the biology of tumor cells and processes of
immune escape and immunomodulation. Lectins expressed
on the surface of immune cells are integral participants in
glycan recognition. Lectins are defined as proteins that
identify glycans in a specific, typically multivalent fashion
and translate this recognition and structural details into
functional cellular responses. As a result, the biological
functions of lectins are widely acknowledged in a range of
different cellular processes.>®"”” These glycan-binding
receptors are either secreted or present on immune cell sur-
faces and recognize the glycan structures present on protein
backbones or on lipid structures. Aberrant glycosylation in
the TME leads to selective recognition by lectins and modu-
lation of immune responses. Several galectins and CLRs
such as MGL and dendritic cell-specific ICAM-grabbing non-
integrin (DC-SIGN) are capable of detecting the altered gly-
cosylation. Importantly, these glycosylation changes have
been frequently employed as prognostic markers of disease
development.'®

4.1. Lectin pool and their role in the TME

A diverse range of glycans found in cells and tissues (known as
the glycome) encodes the vital biological information that
plays an important role in reprogramming the cellular fate and
function and, as a result, has a significant impact on the
balance among health and illness. One of the common charac-
teristics of the tumorigenic process is changes in the glycosyla-
tion signature of immune cells, ECs and tumors. These signa-
tures can affect cell adhesion, EMT, angiogenesis, immunoe-
diting and metastasis. Therefore, by controlling the exposure
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or masking of particular glycoepitopes, an aberrant glycome
may modify cellular activities. The conversion of information
encoded in the glycome into biological programs relies on the
participation of endogenous lectins. Three major families of
lectins that significantly contribute to shaping the inflamma-
tory and tumor microenvironment are C-type lectins (including
selectins), galectins, and siglecs."® Galectins and C-type
lectins have received much attention in cancer biology in
recent times. I-type lectins, such as siglecs, are also increas-
ingly being recognized as important players in the TME due to
their widespread presence. Galectins have gained prominence
because of their participation in cancer, prognostic signifi-
cance, and potential as therapeutic targets.'®® Galectins might
play a role in transitioning from healthy to neoplastic or
inflammatory tissues and may prolong these pathological
states through both extracellular and intracellular processes.
They influence the hallmarks of tumor progression and resis-
tance to a variety of anticancer treatments, such as chemo-
therapy, radiotherapy, immunotherapy, targeted therapies, and
anti-angiogenic therapy.’®® Galectin overexpression in various
cancers is associated with the aggressiveness of the tumors
and subsequent development into metastatic phenotypes.'®!
Galectins play a role in immunosuppression, including T cell
exhaustion, limiting their ability to survive, encouraging the
growth of Tregs, inactivating NK cells, and polarizing myeloid
cells to differentiate into cells with an immunosuppressive
phenotypic form.'®* C-type lectins are a family of lectins
expressed as CLRs on various APCs, facilitating the identifi-
cation and capture of several glycosylated antigens in a
calcium (Ca**)-dependent manner, which perform a plethora
of actions as uptake receptors and mediators of cell-to-cell
interaction.”®'® Various C-type lectins, including DC-SIGN,
CD93, CLEC2, CLEC5A, CLEC14A, LOX-1, MMR, MGL and
selectins, can promote interactions of cancer cells and plate-
lets, leukocytes, and ECs, hence encouraging tumor invasion,
metastasis, and immune suppression.'®*% Selectins, a family
of Ca®*-dependent lectins, are well known for their function in
mediating adhesion of immune cells to the endothelium to
enable their entry into secondary lymphoid organs and sites of
inflammation. L-, E- and P-selectin, which are expressed on
leukocytes, ECs, and platelets, respectively, are members of the
selectin family.'®” All primary physiological roles of selectins
are to facilitate the leukocyte recruitment to inflammatory
locations or lymphoid tissues. Establishment of immune inva-
sion, dissemination, extravasation and formation of a meta-
static niche are all facilitated by leukocyte recruitment to
tumor locations in a selectin-dependent manner. Selectins pri-
marily promote tumor development through hijacking inflam-
matory pathways and therefore play a key role in the develop-
ment and maintenance of the TME.'®® Siglecs are the most
well-characterized I-type lectins, are widely expressed in the
hematopoietic and immune systems and can facilitate cell to
cell interactions along with signaling functions.'®® The siglec/
sialic acid axis helps the immune cells discriminate between
self and non-self during homeostasis. However, by upregulat-
ing sialic acids on their surface and/or siglecs on immune

This journal is © The Royal Society of Chemistry 2025

View Article Online

Review

cells, tumor cells may utilize this characteristic to evade anti-
tumor immunosurveillance.”’®'”! Annexins, recognized as a
novel lectin family, were initially described as Ca**-dependent
membrane phospholipid-binding proteins. Annexins influence
tumor formation via dynamic and significant changes in gene
expression associated with cancer progression. Annexin
expression during carcinogenesis also leads to chemothera-
peutic drug resistance.'”* A higher expression of annexin Al
promotes resistance to oxaliplatin via autophagy which relies
on inhibition of the PI3K/protein kinase B (AKT)/mammalian
target of rapamycin (mTOR) signaling pathway.'”? In pediatric
neuroblastoma, higher expression of annexin A2 was found to
be associated with advanced cancer stage, higher number of
chemotherapy cycles, tumor metastasis, and poor progno-
sis."””* Annexin A3 was found to be overexpressed in HCC and
was linked with poor prognosis in patients with HCC and
enhanced cell proliferation, migration, invasion, and che-
motherapeutic drug resistance.'””

4.2. Cross-talk between lectins and glycans in immune
evasion and suppression

Glycans that are associated with cancer, including sialic acid-
containing structures, Tn antigen, and Lewis antigen, are
often attached to membrane-bound or secreted tumor pro-
teins, like CD43, carcinoembryonic antigen, and mucin 1
(MUC1). They can also be bound to membrane lipids as in
gangliosides, disialoganglioside 1 (GD1), and monosialic
ganglioside 2 (GM2) and GM3. Furthermore, hijacking glycan
responses might aid in immune evasion by influencing the
activities of APCs, stimulating the differentiation of tumor-
associated or anti-inflammatory M2 M@s, and changing T cell
differentiation and NK cell activity.'® Therefore, it is essential
to understand the tumor glyco-code and the manner in which
glycan-immune lectin interactions can lead to immunosup-
pression in the TME.?

Numerous studies have demonstrated that immune cells
express a diversity of lectin receptors, especially DC-SIGN,
MGL, and siglecs, which regulate immune suppression by
binding to tumor glycans."”""”®'7 Examples include the
hypersialylation of tumor cells, which boosted the surface
expression of the sialic acid which binds to siglec. Strong
inhibitory activity is induced by siglecs binding to sialic acids,
which suppresses the immune system.”> Melanoma cell hyper-
sialylation was found to be linked to increased tumor develop-
ment in vivo, which was accompanied by increased Treg cells,
decreased effector T cells and NK cell activity.'”® Due to the
expression of siglec-7 and -9 on NK cells, sialylated glycans
expressed on tumor cells can engage directly with NK cells and
inhibit their function, protecting tumor cells from the innate
immune response.'”® Siglec-15 is also linked to a decreased
antigen-specific T cell response and is also reported to be
highly overexpressed in human cancer cells and in tumor-infil-
trating myeloid cells.'®® Galectins are novel regulatory check-
point molecules that have potential as therapeutic targets in
various cancers as they are widely expressed in the TME and
have been shown to regulate transformation, angiogenesis, cell
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adhesion, and tumor-immune escape.'®! Galectins are known
to promote tumor growth by hindering immune surveillance
via various mechanisms, such as a boost in T cell apoptosis,
suppression of the activation of T cells, promotion of an anti-
inflammatory Th2 profile, enhanced production of Foxp3*
Tregs, differentiation of IL-27'TL-10" tolerogenic DCs, inhi-
bition of NK cell cytotoxicity, and also polarization of M@s
towards an M2 phenotype.'®?

5. CLR-mediated tumor progression

CLRs expressed on APCs are mannose/fucose-specific CLRs
which include DC-SIGN and mannose receptor (MR) along
with galactose-specific CLRs such as MGL.'® 1t is interesting
to note that CLRs have affinity for tumor-associated glycan
structures in addition to their primary binding to a variety of
pathogens.'>>'7°

5.1. MGL

MGL is a unique member of the CLR family in the human
immune system that specifically identifies terminal GalNAc
residues, such as LacdiNAc epitope, Tn and STn antigens.
Tn antigen is enhanced during oncogenic transitions and
cancer development, making it quite prevalent in malignan-
cies, especially those of epithelial origin. Due to the prefer-
ential recognition of tumor-associated Tn and STn antigens,
MGL effectively distinguishes between TACAs and healthy
tissue. MGL signaling aligns with TLR-induced pathways
upon ligand binding, leading to an enhanced release of
IL-10 by DCs. This process fosters the differentiation of
functional human Tr1 cells. Furthermore, the T cell-depen-
dent cytokine response and TCR-mediated signaling are
negatively regulated by MGL-mediated binding to effector T
cell CD45.

This results in decreased T cell proliferation and an
increase in T cell apoptosis. Tumor-associated Tn antigens
may thereby suppress adaptive immune responses via MGL on
several levels, eventually promoting tumor progression.’””*%

5.2. DC-SIGN

DC-SIGN, a type II transmembrane CLR that is expressed on
myeloid, dermal, interstitial, and moDCs, exhibits an affinity
for high mannose-containing glycans and fucose-containing
glycans and Lewis antigens. DC-SIGN facilitates the inter-
action between myeloid cells and tumor cells through the
recognition of Le* antigen, and its ligation on the cell surface
enhances the production of IL-10 and impairs the production
of proinflammatory cytokines. It is worth mentioning that
glycan-binding and triggering of DC-SIGN can effectively
modify M@ maturation by enhancing IL-10 production and
lowering IL-6 production, which may assist in establishing a
tolerogenic milieu. It has also been shown that the DC-SIGN-
fucose axis also governs early interactions with epithelial
cells before they undergo EMT and lose their ability to bind
DC-SIGN.20'185’186
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6. Siglecs and sialic acids

Siglecs, type I transmembrane proteins, belongs to the
immunoglobulin superfamily of proteins. Extracellular
domains of siglecs contain sialoglycan-recognizing V-set
domains strikingly similar to the variable domain of immuno-
globulins. The V-set domain contains CRD of siglecs, followed
by a different number of C2-set Ig-like domains.'®” Depending
on certain patterns found in each siglec molecule, such as the
immunoreceptor tyrosine-based activation motif (ITAM) and
ITIM, siglec members can have either activating or inhibiting
effects."®®"'® Upon activation of siglecs, their ITIM domain is
phosphorylated by Src family kinases, which eventually
recruits the SH2-domain, having phosphatases SHP-1 and/or
SHP-2, which leads to dephosphorylation of downstream com-
ponents of immune stimulatory pathways, hence preventing
further cellular responses. However, some siglecs (-14, -15, and
-16) lack ITIM domains, and consist of positively charged resi-
dues present in their transmembrane domain, which allows
them to form a complex with ITAM having adaptor proteins,
such as DAP10 or DAP12. This results in the recruitment of
protein kinases which are responsible for phosphorylating
downstream targets, eventually triggering downstream signal-
ing pathways."°

Sialic acids are negatively charged nine-carbon carboxylated
monosaccharides that are often cover glycans of glycosylated
proteins and lipids on the cell surface, making it ideal for
their interaction with siglecs, which are essential for immune
homeostasis.'”" Sialic acids on their exposed terminal posi-
tions in the glycan chains also allow them to function as a pro-
tective shield for the sub-terminal part of the molecule (e.g
preventing the protease-mediated degradation of glyco-
proteins) or the cell (e.g. mucous layer of respiratory epi-
thelium). Sialic acid also participates in a variety of recognition
mechanisms and the immune system may differentiate among
both self and non-self-structures based on the presence of the
sialic acid pattern.’® Glycan chains in vertebrate and many
invertebrate cells are terminated by sialic acids that facilitate
protein stability and trafficking, along with cell-cell and cell-
ECM interactions. Many cells have specialized mechanisms for
the synthesis of different sialic acids from precursor sugars
present in the cytoplasm. After transfer, sialyltransferases in
the Golgi incorporate sialic acids into the glycan part of glyco-
proteins and glycolipids. Around 20 different sialyltransferases
have been discovered so far, each one adding sialic acid to fun-
damental sugars through distinct glycosidic bonds («2,3, 2,6
or a2,8).'%?

6.1. Immunosuppressive nature of sialoglycans and siglecs

Sialoglycans on tumor cells can be implicated in the inter-
action between tumor cells and the ECM, as well as cell-cell
interactions within the TME, hence protecting tumor cells
from immune recognition. The immunomodulatory properties
of sialoglycans are attributed to their specific interactions with
siglecs. Siglecs, which are highly expressed in immune cells
and detect aberrant sialoglycans expression on tumor cells, fre-
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quently suppress the immune system, limiting the immune
system from eliminating tumor cells, and further hampering
the cancer immunotherapy.'® Therefore, overcoming the
immunosuppressive nature of aberrant sialoglycans and their
interactions with siglecs is essential for developing successful
cancer therapies.

Due to their widespread expression on NK cells in the TME,
siglec-7 and -9 have been the focus of attention in recent years.
In contrast to siglec-7, siglec-9 has been recently found to be
preferentially expressed in a fraction of CD56%™ NK cells,
whereas siglec-7 is recognized as a pan-NK cell marker.'”®
Siglec-15 has also been in the public eye as an immune sup-
pressor widely expressed on human cancer cells, tumor-infil-
trating myeloid cells and TAMs."8°

Overexpression of sialoglycans and their engagement with
siglecs on NK cells guards tumor cells against innate immu-
nity. Sialic acid-containing ligands of siglec-7 and -9 on NK
cells are expressed on tumor cells of varied histological origins
and shield malignant cells from NK cell attack."”®

During tumor progression, myeloid cells are linked to the
promotion of tumor angiogenesis, resistance against antian-
giogenic therapies, and suppression of anti-cancer immune
responses.'®” Siglec-9 on myeloid cells, upon interacting with a
cancer-specific MUC1 glycoform (sialylated O-linked glycans
MUC1-ST), instructs myeloid cells to release factors involved in
TME establishment and disease progression.'®® Tumor-derived
sialic acids control MO to M@ differentiation by signaling
through siglec-7 and -9.'" Siglec-15 is also shown to be
involved in suppression of T cell responses.*®°

The expression and roles of siglecs on cancer-associated
DCs have not been extensively defined; however, the expression
of siglec-7 and -9 on conventional DCs have been shown to
affect T cell activation, antigen presentation, and DC
activation."®

Expression of various siglecs and their role in immunosup-
pression and cancer progression is shown in Table 2.

7. Galectins: modulators of cancer
progression

Galectins are another class of animal lectins defined by their
binding affinity towards p-galactose. The conserved CRDs of
roughly 130 amino acids found in all galectins are in charge of
the binding of carbohydrates.'®" Based on their structure,
galectins are categorized into three subfamilies: ‘prototype’,
having only one CRD which can dimerize (Gal-1, -2, -5, -7, -10,
-13, -14 and -15); chimera-type, having a unique CRD fused
with another non-lectin N-terminal domain responsible for oli-
gomerization (Gal-3); and tandem-repeat type, with two CRDs
having distinct specificity joined via a flexible peptide linker
(Gal-4, -6, -8, -9 and -12).>** Although galectins display biologi-
cal activity both within and outside the cell they serve as
glycan-binding proteins primarily when they are released into
the ECM. Galectins govern various extracellular activities such
as cell-cell and cell-ECM interactions, cell activation, apopto-
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sis and cytokine secretion.”** Cancer cells and cancer-associ-
ated stromal cells often overexpress galectins, especially those
cells that do not express certain galectins under normal cir-
cumstances. Galectins broadly influence tumor progression
via a variety of mechanisms that can be glycosylation-depen-
dent or independent. This altered expression of galectins cor-
relates with aggressiveness of cancer and contributes to cancer
proliferation. Galectins interact with LacNAc structures on
immune cells such as DCs, T cells or NK cells, and facilitate
Ty cell differentiation and formation of tolerogenic DCs, TAMs
and MDSCs, while also the reducing anti-tumor activity of NK
cells. Galectins can also lead to the evasion of tumor growth
suppressors, resistance to apoptosis, angiogenesis, and meta-
stasis. They have the ability to alter immune responses and
play a crucial role in assisting tumors in evading immune
surveillance,'®*°1¢1

7.1. Galectin expression in the TME

Cancer cells do not exist in isolation, and to develop and
thrive, they need other accessory cells and a favorable environ-
ment. The TME may be viewed as a complex tissue made up of
a wide variety of different kinds of cell that are engaged in het-
erotypic interactions with one another which influence the
growth and expression of malignant cell phenotypes.**®
Galectins engage with certain specific glycosylated ligands to
form multivalent interactions that fine-tune the signaling of
multiple cell surface receptors. Additionally, various tumors
display differential galectin expression profiles, which control
various hallmarks of cancer, including invasion and meta-
stasis, by acting as on-off switches.”*® Gal-1, -3 and -9 are
known to play pivotal roles in various aspects of cancer
progression.™*®

Gal-1 is expressed by various cancers in which Gal-1 is
secreted by tumor cells, and is deposited into the ECM. In
addition to this, Gal-1 is also expressed by various stromal
components such as ECs, fibroblasts, neutrophils, M@s, DCs
and T cells.”®” Gal-1 has been associated with proliferation of
ECs, migration, and adhesion, suggesting its specific function
in angiogenesis. Gal-1 promotes EC migration by binding to
neuropilin-1, activating vascular endothelial growth factor
receptor (VEGFR-2), and modulating the c-Jun NH,-terminal
kinase (JNK) signaling pathways in oral squamous cell carci-
nomas (OSCC).”*® Gal-1 uptake by ECs promotes H-Ras signal-
ing to the Raf/mitogen-activated protein kinase/ERK kinase
(MEK) /extracellular-signal-regulated kinase (ERK) cascade and
enhances EC proliferation and migration, which further leads
to tumor angiogenesis and cancer progression.”*® CAFs are a
significant component of the stromal compartment of the
TME, and their interaction with cancer cells is crucial for
tumor growth and aggressiveness. CAFs overexpress Gal-1 and
release microvesicles with elevated levels of Gal-1. Intracellular
transport of Gal-1 to the tumor cells from CAFs via microvesi-
cles results in upregulation of steady-state Gal-1 in cancer
cells, which leads to an increased migration ability of tumor
cells.*®° Additionally, Gal-1 encourages T cell apoptosis, sup-
presses Thi-dependent immune responses, and promotes a
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Table 2 Comparing various siglecs present on immune cells, their target cancer types, preferred ligand specificity and involvement in immune

escape and tumor progression

Siglecs &
their Recognition of
synonyms Structure Target cancer types glycan linkages Role in immune escape and tumor progression  Ref.
Siglec-1/ Melanoma, breast cancer, CRC  «-2,3 and o-2,6 Siglec-1-expressing subcapsular sinus (SCS) 199-201
CD169 linked sialic acid =~ M®s provide anchorage to pioneer metastatic
cells and enable efficient metastatic
§ colonization; siglec-1" M@s play a pro-tumor
$ role by inhibiting CD8" T cells; siglec-1" mono-
cytes and TILs serve as biomarkers for patho-
genic degrees of CRC
Siglec-2/ ? B-cell-related lymphomas a-2,6 linked sialic ~ Siglec-2 is involved in inhibition of B-cell 202
CD22 acid receptor-induced signaling by inhibiting Ca®*
é mobilization and cellular activation
Siglec-3/ Acute myeloid leukemia (AML) a-2,3 and a-2,6 Siglec-3 acts as an inhibitory receptor regulating 203 and
CD33 linked sialic acid ~ the NKG2D/DAP10 cytotoxic signaling pathway, 204
which is engaged in self-tolerance and tumor
Siglec-6/ Acute myeloid leukemia, a-2,6 linked sialic ~ Higher expression of siglec-6 is significantly 205-207
CD327 chronic lymphocytic leukemia, acid associated with poor overall survival
bladder cancer, CRC
Siglec-7/ CRC, bladder cancer, AML, o-2,3, a-2,6 and Siglec-7 attenuated NK cell cytotoxicity 208-212
CD328 head and neck squamous cell a-2,8 linked sialic
carcinoma (HNSCC) acid
Siglec-8 Breast and gastric cancer, a-2,3 and a-2,6 Siglec-8 acts as a marker for poor prognosis 213-215
ccRCC linked sialic acid
Siglec-9/ NSCLC, AML, melanoma, CRC, o-2,3 and o-2,6 Siglec-9 is responsible for attenuation of CD8" T 204, 212
CD329 breast, ovarian and pancreatic linked sialic acid  cell effector function and NK cell cytotoxicity and
cancer 216-218
Siglec-10 HCC, mantle cell carcinoma, a-2,3 and o-2,6 Siglec-10 triggers immunosuppression by 212 and
(CD24) ovarian and breast cancer linked sialic acid  inhibiting TCR and T cell activation; siglec-10 219-221
on NK cells mediates functional damage of NK
cells in HCC; siglec-10 on M@s also suppresses
T cell activity
Siglec-15 HNSCC, breast, lung, bladder, a-2,3 and a-2,6 Siglec-15 suppress antigen-specific T cell 180, 212
< liver, renal, pancreatic, colon, linked sialic acid responses and 222
endometrioid, and thyroid

cancer

shift towards the Th2 cytokine profile, favoring expansion of
CD4'CD25™8"Foxp3* Tregs.**! Gal-1 also polarizes M@s toward
an M2 phenotype through the Janus kinase (JAK)-signal trans-
ducer and activator of transcription (STAT) signaling pathway,
all of which inhibit immune surveillance and favor tumor
growth.>*”

Gal-3 plays a significant role in cancer as it influences
many biological processes such as tumor cell fitness, cell
migration, EMT, as well as stemness by interacting with
various glycosylated tumor-associated receptors such as epi-
thelial growth factor (EGF), transforming growth factor (TGF)-p
receptors, and cell surface integrins. It has been shown that
the interaction of Gal-3 with MUC1 results in an activation of
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the mitogen-activated protein kinase and PI3K/Akt signaling
pathways, which results in enhanced cell proliferation and
motility.>** In another study, it was shown that interactions
between Gal-3 and MUC1 enhance the dimerization and acti-
vation of the EGF receptor in epithelial cancer cells.”**
derived Gal-3 can facilitate invasion by disrupting interactions
between the N-glycosylated proteins in the ECM, such as fibro-
nectin and laminin, and adhesion molecules expressed on the
surface of cancer cells.">® Additionally, Gal-3 has also been
shown to promote cancer cell proliferation and anchorage-
independent cell growth, and prevent cancer cell apoptosis
through K-Ras-mediated activation of Raf-MEK-ERK signal-

ing.”*® Gal-3 plays a significant role in tumor progression and

Tumor-
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metastasis and acts as a tumor-promoting galectin. At patho-
logical concentrations, Gal-3 has been shown to stimulate the
secretion of various metastasis-promoting cytokines such as
IL-6, soluble intercellular adhesion molecule-1 (SICAM-1),
granulocyte colony stimulating factor (G-CSF), and granulo-
cyte-macrophage colony stimulating factor (GM-CSF) from
blood vascular endothelium in vitro and in vivo. These cyto-
kines either interact in an autocrine or paracrine manner
with the vascular endothelium to enhance the production of
adhesion molecules on the EC surface. This increases cancer
cell-endothelial adhesion, EC migration, and tubule for-
mation, all of which are crucial events in the metastatic
cascade.”®® By interacting with the Nkp30 receptor, Gal-3
inhibits NK cell cytotoxicity, enabling tumor escape from NK
cell immunity.”®” Extracellular Gal-3 has also been shown to
be responsible for T cell apoptosis, which plays a major role
in immune escape.?*®

Gal-9 is expressed in a variety of cancers and is present on
tumor cells, immune cells such as M@s, neutrophils and T
cells, and stromal cells such as fibroblasts. Studies have shown
that bone marrow mesenchymal stem cells (BMSCs) exhibit
elevated Gal-9 expression, which can lead to the exhaustion of
NK cells as seen in Fig. 5. This is achieved by downregulating
the expression of EOMES and Notch1 through a TIM-3/Gal-9-
mediated pathway. Additionally, certain subsets of CAFs
demonstrate increased secretion of chemokines (CXCL9,
CXCL10, and CXCL12), alongside an upregulation of MHC
class I and enrichment of Gal-9. These factors collectively con-
tribute to restricting CD8" T cell infiltration and ultimately
promote tumor progression by inhibiting the effector differen-
tiation of the pre-effector CD8" T cells, specifically those
identified as TCF1"GZMK'CD8" T cells.***>*!

Gal-2, -4, -7, and -8 are also studied for their expression in
TMEs and role in tumor progression, immunosuppression,
angiogenesis, and metastasis. Circulating Gal-2, -4, and-8
trigger the secretion of certain chemokines and cytokines from
blood vascular ECs, such as G-CSF, IL-6, monocyte chemoat-
tractant protein-1 (MCP-1), and growth-regulated oncogene
alpha (GRO«). Galectin-mediated secretion of these cytokines
and chemokines results in enhanced expression of EC surface
adhesion molecules, which leads to increased adhesion of
cancer cells to ECs and endothelial tubule formation, which
further leads to angiogenesis and metastasis.>*> Gal-7
expression was observed in epithelial ovarian cancer histo-
logical subtypes, but the expression of Gal-7 was more promi-
nent and frequent in high-grade and metastatic tumors. Gal-7
also elevates the invasiveness of ovarian cancer cells by indu-
cing matrix metalloproteinases (MMP)-9 and enhancing cell
motility.>*?

7.2. Galectin involvement in immunosuppressive TMEs

Galectins influence a range of immune cell activities and
shape the immunosuppressive landscape via various intra-
cellular or extracellular mechanisms. By coopting certain
inhibitory receptors, disrupting various co-stimulatory path-
ways, and/or regulating immune cell activation, differentiation,
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and survival, galectins can orchestrate immunosuppressive cir-
cuits. Since they promote T cell exhaustion, restrict T cell survi-
val, encourage growth of Treg cells, deactivate NK cells, and
polarize myeloid cells toward an immunosuppressive pheno-
type, galectins have become recognized as new regulatory
checkpoints that facilitate immune evasion.>??

Gal-1 is expressed by tumor cells and can inhibit the T
cell effector activity by promoting cell growth arrest and
activated T cell death. Furthermore, Gal-1 is also respon-
sible for the aggressiveness of tumors and the acquisition
of metastatic phenotypes. Functional Gal-1 secreted by mel-
anoma cells extensively contributes to the immunosuppres-
sive and proapoptotic activities of tumor cells. PBMCs,
when cultured in Gal-1-containing serum-free conditioned
media (SFCM) from melanoma cell lines, induced higher
apoptosis of activated T cells compared with T cells cul-
tured in the presence of anti-Gal-1 antibody-neutralized
SFCM. A similar reduction in apoptosis of T cells was also
observed when SFCM was incubated with thiodigalactoside
(TDG), a galectin-specific inhibitor.>** In the case of CRC,
both tumor- and stromal-derived Gal-1 influence antitumor
immune responses and facilitate tumorigenesis by modu-
lating the frequency and tumor-suppressive activity of
CD8'CD122"PD-1" Tregs.”*

Gal-3 acts as an immune regulator that directly influences T
cells’ activation and their function. Gal-3-mediated activation
of T cells leads to T cell apoptosis. Additionally, the delivery of
high doses of Gal-3 has been shown to inhibit tumor-reactive
T cells and facilitate tumor growth.>*® Gal-3 was shown to shift
MO polarization to a pro-tumor M2 M@ type. An IL-4-mediated
Gal-3 feedback loop that causes sustained PI3K activation via
activation of CD98 promotes a major mechanism involved in
alternative M2 M@ activation.>*”>*°

Several studies have revealed the immunosuppressive
effects of Gal-9 in human cancers. Gal-9 has been found to
cause immunosuppression in the TME, mediated by myeloid-
lineage cells. In nasopharyngeal carcinoma, Gal-9 signifi-
cantly enhances the expression of various pro-inflammatory
cytokines, such as IL-1p and IL-6, which are crucial for the
differentiation of MDSCs. This process is primarily driven by
the accelerated degradation of the STING protein, which is
due to the direct interaction of Gal-9 CRD1 with the
C-terminus of the STING protein, leading to increased E3 ubi-
quitin ligase TRIM29-mediated K48-linked ubiquitination of
STING. Additionally, Gal-9 strengthens the interaction
between STING and TRIM29, which further accelerates the
degradation of the STING protein. The mobilization of the
Gal-9/TRIM29/STING pathway results in T cell suppression
mediated by myeloid cells, ultimately supporting the survival
of tumor cells.>®® Activated Gal-9/TIM-3 negatively regulates
CD4" T cells and suppresses the effector function of Th1 T
cells, and further promotes Treg cells, which are implicated
in the immune escape of chronic lymphocytic leukemia.>**
By crosslinking TIM-3 and promoting TIM-3 aggregation, Gal-
9 has also been shown to trigger TIM-3-mediated T cell
death.>*?
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Fig. 5 Glycan—-lectin circuits and their engagement in immunosuppression: aberrant glycosylation is a defining hallmark of cancer cells, as it is
implicated in several cancer-related pathways. Essential cellular processes, including cell adhesion, signaling, and proliferation, are affected by the
tumor-specific lectin—binding glycans. These pathways have been linked to various important cancer characteristics, such as triggering of invasion
and metastasis, proliferative signaling, and resisting anti-tumor immunity. (a) CLRs are a vast family of pattern recognition receptors that are exten-
sively expressed on myeloid cells. DC-SIGN recognizes Lewis antigens and boosts the secretion of IL-10, which is in charge of impairing DC matu-
ration and the Thl immune response. MGL interaction with Tn antigens is also evident in increasing IL-10 production, decreasing effector T cell pro-
liferation, and promoting T cell apoptosis. The overexpression of MGL ligands also leads to enhanced infiltration of tumors with PD-L1* TAMs; (b)
Siglecs are lectins that identify sialic acids on tumor cells, such as STn and SLe* °" 2. Siglecs expressed on NK cells interact with sialic acid-containing
ligands to adversely affect NK cell activation and cytotoxic activity. Siglecs influence tolerogenic activities in DCs by interacting with tumor-associ-
ated sialoglycans, restricting the development of effector T cells. Siglecs are also implicated in producing TAM-like phenotypes, which produce pro-
tumor cytokines like IL-10 and TGF-p, leading to suppression of CD8" T cell responses, allowing tumor immune escape. Siglecs on neutrophils also
contribute to the immune escape and prevent the neutrophil-mediated killing of tumor cells; (c) Galectins play a complex role in the development
and dissemination of tumor cells. They are necessary for tumor cells to be able to evade the immune system. Galectins are involved in these pro-
cesses by binding to LacNAc structures on immune cells and encouraging the development of tolerogenic DCs, Tregs, and MDSCs, decreasing anti-
tumor immunity. Gal-1 induces the apoptosis of activated T cells, eliminates Thl and Th17, and increases the expansion of MDSCs and Treg cells.
Furthermore, Gal-1 favors the differentiation of IL-27- and IL-10-producing tDCs, which promotes Trl cell expansion. Gal-3 modifies antitumor
immune responses by preventing plasmacytoid DC expansion and suppressing CD8" T cells upon binding to LAG-3. Through TIM-3-dependent
pathways, Gal-9 suppresses antitumor responses and promotes the development of MDSCs, apoptosis of T cells and inhibition of NK cell cyto-
toxicity (created in BioRender. Jain, M. (2025) https://BioRender.com/n23z034).
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7.3. Galectin’s role in tumor progression and metastasis
Metastasis, a multiphase process, is a major cause of cancer-
mediated deaths. A crucial stage in tumor metastasis is
increased cancer cell invasiveness, which necessitates several
modifications. For instance, cancer cells need to become more
motile, degrade surrounding tissues, and lose their adhesion
to surrounding cells and ECM. Many genes, including MMP,
integrins, and cadherins, can be altered by genetic or epige-
netic modifications in tumor cells and their microenvironmen-
tal cells to enhance cancer growth and metastasis.>>

There are several lectins involved in metastasis, and Gal-1,
being one of them, is engaged in each phase of the process.
The degree of Gal-1 expression influences the invasiveness of
cancer cells, and it increases as cancer cells develop a more
malignant phenotype.”®* Changes in the proteolytic degra-
dation of the nearby tissue are necessary for tumor invasion.
MMP-2 and MMP-9 are known to play significant roles in the
degradation of gelatin and collagen ECM and are associated
with LNM. It has been shown that Gal-1 expression is involved
in the regulation of production and functions of MMP-2 and
MMP-9 in OSCC cells, and that the increased expression of
these MMPs induced by Gal-1 may be a key factor contributing
to the high invasiveness and metastatic potential of oral
cancer cells.”®* Receptors for activated C kinase 1 (RACK1) in a
Gal-1-dependent manner aid in tumor cell invasion and the
formation of lymphatic tubes in vitro as well as encourage
lymph angiogenesis and LNM in vivo. By lowering miR-1275
levels, RACK1 boosted the expression along with the secretion
of Gal-1. Furthermore, in cervical cancer cells, RACK1
increased Gal-1-induced downstream MEK/ERK, focal
adhesion kinase (FAK), and AKT signaling via integrin-p1.>**
Expression of Gal-1 in low-metastatic lung cancer cell lines
promoted cancer cell migration, invasion, and EMT. In highly
invasive lung cancer cell lines such as CL1-5 and A549, sup-
pression of Gal-1 inhibited migration and invasion and led to
mesenchymal to epithelial transition. Additionally, Gal-1
enhances the expression and association of integrin p4 with a6
subunits, which results in increased phosphorylation of FAK
and AKT. Gal-1 enhances Notch levels along with its ligand
Jagged2 and also promotes AKT activation.?>¢

Cancer cells escape from the primary tumor during the
metastatic conversion process, infiltrate the lymphatic or
blood vessels, and invade the tissues surrounding the primary
tumor.>>® Gal-3 overexpression subsequently increases tumor
cell-ECM adherence and accelerates tumor cell escape from
the primary location of the tumor.?*” In ovarian, thyroid, color-
ectal, and melanoma cancer, elevated Gal-3 expression has
been found to correlate with greater tumor invasiveness, and
overexpression of Gal-3 showed enhanced tumor cell adhesion
to ECM via ECM glycoproteins such as fibronectin, elastin, col-
lagen IV, and laminin and promoted tumor escape from
primary tumor sites.>*® Furthermore, Gal-3 has been shown to
influence angiogenesis and EMT-driven metastasis by activat-
ing the f-catenin signaling cascade by targeting insulin-like
growth factor-binding protein 3 (IGFBP-3) and vimentin in the
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TME of HCC.>*® It was shown that Gal-3 is a natural ligand of
melanoma cell adhesion molecule (MCAM) in melanoma cells,
and their interaction promotes MCAM clustering, which in
turn activates AKT. This causes an increase in melanoma pro-
gression by cell proliferation, adhesion, migration, and
invasion.>®°

A positive correlation has been shown between the
expression of Gal-9 and an increase in the number of CD206
MO@s in tumors. Melanoma survival was shown to be negatively
linked with higher CD206 M@ concentrations. These findings
demonstrate that Gal-9 interacts with CD206 on M2 M@s, pro-
moting angiogenesis along with chemokine production,
leading to tumor growth and a poor patient prognosis.>®’

8. Pentraxin, tetranexin and calnexin
in the TME

Pentraxin 3 (PTX3), a prototypic long pentraxin, is a potential
prognostic and diagnostic marker for various cancers such as
lung carcinoma, pancreatic carcinoma and glioma malignancy.
Autocrine synthesis of EGF-induced PTX3 improved binding of
HNSCC tumor cells to ECs, boosting the capacity of tumor
cells to penetrate blood vessels, and enhances the expression
of fibronectin and MMP-9, resulting in promotion of meta-
stasis.?®* Tetranectin belongs to a distinct group of the CLR
subfamily, identified as a biomarker for metastatic OSCC as its
concentration is significantly reduced in the serum and saliva
of these patients, which may contribute in activation of plas-
minogen to plasmin, which is involved in extracellular protein
degradation and progression of cancer.>®® Calnexin, an ER cha-
perone protein, is upregulated in OSCC and its enhanced
expression on OSCC cells is associated with lower infiltration
of T cells and poor survival for patients. Moreover, calnexin
inhibits CD4" and CD8" T cell proliferation and production of
IFN-y, TNF-a, and IL-2.2%*

9. Glycan-lectin dialogue: in failure
of immunotherapies

In cancer, there is an unmet medical need to overcome both
primary and acquired immunotherapy  resistance.
Immunotherapies may become more effective when targeted
in combination with therapies suppressing the factors that
promote resistance to immunotherapies, which can also lead
to long-lasting therapeutic effects. Uncertainty surrounds the
mechanisms behind both primary and acquired resistance;
however, they might include any of the following: lack of
sufficient antigen presentation, inadequate immune cell infil-
tration into the TME, exclusion of T cells, T cell anergy,
reduced IFN-y signaling, presence of immunosuppressive
cells, expression of several inhibitory ICs, and diminished T
cell functioning/T cell exhaustion.>®®

The ability of lectins, particularly galectins, to recognize
glycans is crucial for tumor-immune tolerance. It is interesting
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to note that galectins have been linked to several instances of
immune regulation, playing significant roles in influencing T
cell activity and encouraging tumor immune tolerance.>*®
Galectins have been identified as significant therapeutic factors
of sensitivity or resistance to various anticancer treatments,
including therapies like chemotherapy, radiotherapy, antiangio-
genic therapies, targeted therapies and immunotherapies due to
their ability to influence tumor development hallmarks.>®”
Many malignancies do not respond well to ICIs, owing to hostile
TMESs restricting T cells, the most frequent effector for most
immuno-activating therapies. Tumor samples examined from
various cancer types demonstrate that T cell infiltration into
tumors is a key indicator for anticipating ICI responses.”®®>7°
Nambiar et al. found that Gal-1 levels had an inverse relation-
ship with the treatment outcomes and survival in head and
neck cancer patients receiving ICIs and demonstrated that Gal-1
aggressively altered the tumor endothelium to limit T cell inva-
sion, resulting in exclusion of T cells from the TME. They
further showed that the sustained release of Gal-1 from the
tumor was enough to activate the STAT signaling pathway in
ECs. These cells, in turn, increased the expression of immune
checkpoint ligands, which reduced intratumoral T cell infiltra-
tion. Therapeutically targeting Gal-1 with Gal-1-specific antibody
transformed T cell-depleted tumor into one abundant in T cells
receptive to anti-PD-1 treatment and radiation therapy.””*

Gal-3 was found to be essential for prostate tumor cells to
acquire and maintain immune tolerance, which was accom-
plished by triggering dysregulation of CD8" CTL responses.
For anti-cancer vaccines to be successful, naive T cells must be
properly primed to develop effector functions that permit the
elimination of tumor cells. Inhibition of Gal-3 in tumor cells
has been shown to decrease the ratio between
CD8'CD122°CD28 Tregs and total CD8" T cells, allowing
efficient activation and proliferation of CD8" CTLs. These find-
ings imply that Gal-3 has a significant impact on the ability of
DC-based vaccines to prevent cancer.>®°

Remarkably, sialoglycans have been proposed to modulate
several activities of DCs, which are essential immune system
regulators. Ac53FaxNeu5Ac, a sialic acid mimetic, has been
found to successfully inhibit sialic acid expression in moDCs,
resulting in greater responsiveness to TLR activation as indi-
cated by higher maturation and cytokine production.
Consequently, Ac53FaxNeu5Ac-treated moDCs have been
shown to be potent activators of allogeneic T cells.
Furthermore, sialic acids on moDCs may serve as ligands for
immunosuppressive siglecs, and Ac53FaxNeu5Ac treatment
inhibits these interactions. Therefore, sialic acid blockage
facilitates the development of potent DC-based vaccines that
can elicit potent in vivo anticancer responses.>””

10. Glyconanovaccine-mediated
tumor suppression

In several physiological processes, including cell adhesion,
signal transduction, molecular trafficking, and endocytosis,

3468 | Biomater. Sci, 2025, 13, 3447-3497

View Article Online

Biomaterials Science

glycans play an essential role. Due to the widespread presence
of glycans within the body, their immunogenicity is below par.
When malignant cells with TAAs are encountered directly by
CTLs, an insufficient cytotoxic immune response is elicited,
whereas XPT results in a heightened, sustained, and compar-
ably more effective immune response. In addition to antigens
from apoptotic cells, DCs can also cross-present antigens
encapsulated in nanocarriers that are targeted to specialized
uptake receptors expressed by DCs. Glycans play a role in
immune cell-to-cell communication carried out by CLRs. CLRs
identify and bind to certain glycans, allowing them to take up
the molecules and regulate immune responses.>?”**7*
Therefore, developing glycan-based nanomedicines can offer
future paths for fostering robust DC-based immune responses
to eliminate cancer. Specialized cell surface receptors, called
PRRs, are present on DCs and can recognize ligands which are
antigenic subunits on pathogens and further trigger T cell
immune responses. Several PRRs along with their associated
ligands have been discovered. However, only CLRs and TLRs
are known to engage in antigen recognition and are suitable
targets that can be leveraged to develop vaccines designed for
triggering DC-mediated immune responses.””> Such an
immune response, however, might not be sufficient to target
and eradicate the antigens effectively. Therefore, to revitalize
DC-based nanomedicines against cancer, the glycan reco-
gnition ability of DCs can be harnessed.'”*”®

10.1. Glycans, the complex carbohydrates for targeted
immunotherapy

Vaccine delivery methods using polymeric particles have been
widely used for antigen delivery to DCs. As these polymeric
particles lack PAMPs or targeting molecules, their ability to
interact with DCs is restricted.>””?”® Initially, targeting of
CLRs on APCs was achieved by mAbs as they provide receptor
specificity as well as high affinity; however, their tissue pene-
tration due to their size, Fc region-mediated non-specific
uptake, Fc-R triggering or provoking of immune response are
responsible for their elimination.?”® Glycan-mediated targeting
of CLRs has been popularized in recent times and is being
used for cell-specific targeting and immunomodulatory activi-
ties. Immunogenicity of glycans is below par and glycans are
present across the body.”®® Glycan array data have confirmed
the affinity of various glycans toward CLRs present on APCs.
Additionally, the common affinity of glycans for multiple CLRs
presents an unique opportunity to target several CLRs
simultaneously.”® % Therefore, glycans are considered as
ideal in the preparation of glycan-modified synthetic
materials.

10.2. Glycomaterials with multivalent presentations of
glycans and concept of glyconanovaccines

Recent advances in glycan-mediated targeting of CLRs on
APCs have shown increasing interest in the design of glycan-
modified synthetic materials, commonly known as
glycomaterials.>'”>*?8%2%7 Although the interactions between
monovalent carbohydrates and lectins have weak affinity, this
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effect is enhanced by the multivalent nature of densely packed
carbohydrate molecules on the surface, commonly referred to
as the “glycocluster effect”.”®® Synthetic materials such as
nanoparticles, liposomes, polymers, dendrimers, supramole-
cular assemblies, etc. possess a dense and highly repetitive
molecular architecture and are ideal and better suited for the
preparation of multivalent systems. Synthesis of multivalent
glycomaterials is accomplished by conjugation of glycan to the
central or core structure of synthetic materials which are
already functionalized for glycan attachment.”®**°* These syn-
thetic glycomaterials, which feature multivalent presentations
of glycans that mimic the immobilized carbohydrate clusters
found in nature, possess an increased affinity and avidity for
recognition events. Additionally, multivalent binding signifi-
cantly enhances the affinities of monovalent interactions by
many orders of magnitude (Fig. 1). In addition, glycomaterials
have also shown superior binding specificity, flexibility, and
spatial orientation.>®> Therefore, carefully designed glycoma-
terials with these features are optimally required for efficient
binding towards CLRs on APCs. Synthetic glycomaterials such
as glycoliposomes, glycodendrimers, glycan-conjugated pH-
responsive liposomes, glyconanoparticles, and so on are ideal
for developing XPT-based immunotherapy. Nanosized glyco-
materials with a multivalent presentation of glycans contain-
ing tumor antigen and appropriate immune stimulators can
specifically target CLRs on APCs. Glycan-mediated targeting of
CLRs on APCs exhibited efficient uptake of these glycomaterials
harboring tumor antigen in a CLR-dependent pathway, result-
ing in APC maturation and improved XPT to tumor antigen-
specific CD8" and CD4" T cells. Thus, combining a knowledge
of XPT and nanosize synthetic glycomaterials with tumor anti-
gens and appropriate stimulators (nanovaccines) can aid in
the development of glyconanovaccines (GNVs) for targeting
APCs and eliciting robust CD8" T cell responses.*** %

10.3. Understanding CLRs’ glycan specificity

The CLRs are transmembrane receptors involved in the uptake
of glycosylated antigens. CLRs are expressed on specific DCs
subsets. For instance, MR is primarily found on M@s, while
langerins are present on Langerhans cells (LCs). CLRs exhibit
a wide range of glycan specificity, and several CLRs, including
DC-SIGN, MR, langerin, DEC-205, dendritic cell immunorecep-
tor (DCIR), and BDCA-2, have the ability to internalize glycosy-
lated antigens effectively.'®*?°°3°" The most studied CLR,
DC-SIGN, has been shown to have a strong binding affinity for
glycan structures comprising high-mannose and fucose, as
well as Le antigens. Data from glycan arrays indicate that
DC-SIGN preferentially binds to N-linked high-mannose oligo-
saccharides, with the highest binding observed for glycopep-
tides containing ManyGlcNAc,-Asn. This binding preference
diminishes when dealing with glycan structures that contain
fewer mannose residues.?®> With DC-SIGN, binding of fucosy-
lated glycan structures was also observed, and binding was in
order of Le” > L’ > Le®.*** MR shows a strong affinity for glyco-
conjugates terminated with mannose, fucose, or GalNAc. It
has also been reported that MR has an affinity for sulphated
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ligands, particularly those with galactose or sulphated
GalNAc.*®* Langerin CRD showed a binding preference
towards mannose, fucose, and GlcNAc. This binding also
requires the oligomeric structure formed via the neck
region.”®® Carbohydrate microarray analysis showed that lan-
gerin binds to sulphated Le™glycan, while it exhibited weak
binding to high-mannose glycans.’®® MGL exhibits a strong
preference for terminal a- or f-linked GalNAc residues found
in glycoproteins and glycosphingolipids. Additionally, MGL
shows affinity for the Tn antigen as well (x-GalNAc).”*' DCIR
exhibited glycan specificity for mannotriose, Le?, Le®, and
sulfo-Le®.*** BDCA-2 demonstrated selective binding to galac-
tose-terminated biantennary glycans containing Galf1-3/
4GleNAcp1-2Man. BDCA-2 has two distinet binding sites for
mannose- and galactose-containing glycans.*®® Dectin-1 shows
a binding preference towards f-1,3 and/or f-1,6-linked
glycans.>*®*%” As the understanding of CLR binding to various
glycans has improved, there has been a focused effort in pre-
paring glycomaterials that can specifically target antigens to
CLRs.

10.4. Glycomaterial-based strategies for targeting of CLRs

Glycomaterial-based strategies are popularized in recent times
for targeted antigen delivery to CLRs. Various groups working
world-wide in the targeted immunotherapy area developed
materials-based strategies for targeted delivery with a focus on
CLRs such as DC-SIGN, langerin, MR, MGL, and dectin-1. The
detailed glycomaterial-based strategy for targeting of CLRs
employed by various groups are as follows:

10.4.1. Targeting of DC-SIGN. Prof. Yvette van Kooyk’s
group uses Lewis antigen-conjugated antigens, glycan-conju-
gated/modified liposomes (glycoliposomes) and dendrimers
(glycodendrimers) for the targeting of DC-SIGN found on DCs.
This approach induces CD4" and CD8" T cell responses, thus
enhancing the cellular immune response. Notably, this
approach has been shown to significantly improve antigen
XPT compared with plain ovalbumin (OVA) antigens.
Liposomes are effective in co-delivering adjuvants alongside
antigens, mimicking the way pathogens are encountered by
DCs, which increases the likelihood of XPT by these cells.
Therefore, parameters like particle size, composition, formu-
lation consideration, and surface charge modification of the
liposomes are critically considered for the promotion of
enhanced uptake by DCs.>®7:3087310

Glycan-modified PEGylated liposomes and non-PEGylated
liposomes containing OVA as a model antigen were prepared
to study the formulation considerations in effective CLR target-
ing. Le* and Le’ glycans were coupled to PEGylated and non-
PEGylated liposomes via maleimide groups. Glycan-modified
PEGylated liposomes were prepared from a mixture of egg
phosphatidylcholine (EPC-35) : 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[maleimide (polyethylene glycol)-2000]
(PEG-mal) : PEG-DSPE : cholesterol (Chol) in a ratio of
1.85:0.075:0.075: 1, whereas non-PEGylated liposomes were
created from  EPC-35:ethanolamine phosphoglyceride
(EPG): 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
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maleimidophenyl)butyramide] (sodium salt) (MPB-PE): Chol
in a ratio of 1.5:0.4:0.075:1. Lipid film was formed by
solvent evaporation and further hydration in buffer containing
OVA molecules. The sizes of the glycan-coupled PEGylated and
non-PEGylated liposomes were observed to be in the range of
200 and 220 nm, with a polydispersity index (PDI) under 0.20,
showing a uniform size distribution. The average zeta potential
for PEGylated and non-PEGylated liposomes was measured
and found to be —25 mV and —55 mV, respectively. The pres-
ence of Le* and Le® glycans on PEGylated liposomes was
detected by anti-Le* and anti-Le® antibodies using ELISA. To
assess their proper orientation for DC-SIGN binding, a chi-
meric DC-SIGN molecule was employed; however, no binding
was observed with the PEGylated liposomes. In contrast,
glycan-modified non-PEGylated liposomes also showed detect-
able Le* and Le” by ELISA and effectively bound to the
DC-SIGN-Fc chimeric molecule, confirming that PEG sterically
hindered the binding of PEGylated liposomes. This is further
confirmed by the binding of Le* and Le"-coupled non-
PEGylated liposomes to DC-SIGN on bone marrow-derived DCs
(BMDCs), while PEGylated liposomes did not bind to DC-SIGN
on BMDCs. This highlights the importance of formulation
considerations in specific CLR targeting.’'!

Liposomes containing OVA/MART-1 peptides were prepared
using a similar strategy. They were sized using a high-pressure
extrusion device and sequentially extruded through stacked
polycarbonate  filters (800, 400, and 200 nm).
Ultracentrifugation was used to eliminate the non-encapsu-
lated antigen. Using thio-activated Le* and Le® (thio-Le* and
LeP), glycan coupling to these liposomes was accomplished by
a thiol-ene reaction with the maleimide groups of the MBP-PE
lipid. The non-modified and Le* and Le-modified liposomes
(extruded through 200 nm) showed a mean size of around
200 nm, with PDI < 0.2 for non-modified and Le*modified
liposomes, and <0.3 for Le’-modified liposomes. The zeta
potential of these liposomes was also around —55 mV. The
presence of Le* and Le® on the liposomes was verified using
ELISA employing specific antibodies on the plate-bound lipo-
somes. The correct orientation and affinity of Le® on the modi-
fied liposomes were validated with the DC-SIGN-Fc construct
in ELISA assays. Notably, Le’modified liposomes demon-
strated significantly enhanced binding and higher uptake by
human DC-SIGN-expressing BMDCs from hSIGN transgenic
mice. Targeting OVA to DC-SIGN via glyco-liposomes enhances
MHC class II presentation by approximately 100-fold.
Additionally, incorporating LPS, a TLR4 ligand, further boosts
the XPT of OVA to CD8" T cells by around 100-fold. Similarly,
Le*coupled and melanoma antigen MART-1-encapsulated
liposomes incubated with human moDC in the presence of
lipopolysaccharide (LPS) significantly improved the antigen
presentation to a MART-1-specific CD8" T cell clone, as indi-
cated by the increase in IFN-y secretion. This demonstrates the
effectiveness of DC-SIGN-targeted glyco-liposomes in CD4"
and CD8" effector T cell activation.*"?

Another approach involved developing a single liposome
formulation with glycan for CLR targeting, an adjuvant, and
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tumor antigen for DC maturation, and an antigen-specific
immune response. Using the film extrusion method, glycan-
modified liposomes containing TLR ligands were prepared
from a mixture of Chol and phospholipids. In brief,
EPC-35: EPG-Na: Chol in a 3.8:1:2.5 molar ratio were mixed
with either MPLA (2 mol%), Pam;CysSK, (1 mol%) or R848
(4 mol%) separately. 0.1 mol% of the lipophilic fluorescent
tracer DiD (1'-dioctadecyl-3,3,3',3"-tetramethyl indodicarbocya-
nine) was added during the first step of preparation.
Hydrophilic TLR ligand Poly I:C and antigenic peptide
2Pp100,50-285 (YLEPGPVTA) were encapsulated into the lipo-
somes during the hydration step. Liposomes were sized by
sequential extrusion. Le™-glycolipid was inserted into the lipo-
somes by the incubation of 1 ml of liposomes into 0.75 mg gly-
colipid (dissolved in 15 pl of methanol) followed by vigorous
stirring, followed by ultracentrifugation and resuspension in
buffer. The size, PDI and zeta potential for empty liposomes,
Pam3CysSK4-encapsulated liposomes, Poly I:C-encapsulated
liposomes, MPLA-encapsulated liposomes and R848-encapsu-
lated liposomes were around the range of 212-216 nm, 0.04 to
0.12, and —45 to —52 mV, respectively. Similarly, the size, PDI,
and zeta potential for empty Le™glycolipid modified lipo-
somes, Le*-glycolipid modified Poly I:C-encapsulated lipo-
somes, Le*-glycolipid modified MPLA-encapsulated liposomes
and Le*glycolipid-modified R848 encapsulated-liposomes
were in the range of 207-221 nm, 0.03-0.08, and —38.5 to
—44.5 mV, respectively. The successful conjugation and orien-
tation of Le* glycan on liposomes was validated through ELISA
using a recombinant DC-SIGN-Fc construct. Le*modified lipo-
somes specifically bound to and were taken up by human
moDCs via DC-SIGN. Incorporating MPLA as a TLR4 ligand
into Le®modified liposomes led to enhanced DC activation,
marked by increased expression of CD83 and CDS86.
Additionally, targeting antigens and adjuvants to DC-SIGN
with Le*modified liposomes resulted in elevated IFN-y pro-
duction and a significantly improved XPT of gp100,59_585 tO
CD8" T cells.*® Human skin contains a large subset of dermal
DCs (dDCs), with CD14" dDCs specifically expressing
DC-SIGN, which indicates their potential for antigen endocyto-
sis and routing for MHC class I and class II presentation to
CD8" and CD4" T cells. In a human skin explant model, intra-
dermal delivery of Le*-modified liposomes carrying melanoma
antigens (MART-1 or gpl00) effectively targeted DC-SIGN"
CD14" dDCs. Additionally, intradermal administration of
GM-CSF and IL-4 enhanced the mobilization and surface
expression of DC-SIGN on CD14" DCs, leading to increased
internalization of glycoliposomes, improved antigen presen-
tation, and a heightened MART-1 and gp100 specific CD8" T
cell response.>®?

In another study, a combination of palmitoylated antigen
and lipo-Le’, along with alpha-galactosylceramide (aGC), was
successfully delivered to skin APCs using a single liposome. In
order to prepare these liposomes, a mixture of EPC-35,
EPG-Na, and Chol (in a molar ratio of 3.8:1: 2.5) was dissolved
in chloroform/methanol. DiD, a lipophilic fluorescent tracer
(0.1% mol), palmitoyl-gp100/MART-1 (400 pg), lipo-Le’
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(1.5 mg), and aGC (30 pg) were then incorporated to this
mixture. The resulting lipid film was hydrated in a HEPES
buffer pH of 7.5, and the liposomes were formed by extrusion.
Unencapsulated antigens and lipo-Le” were removed through
ultracentrifugation. The mean size of the extruded liposomes
was approximately 180 nm, with a zeta potential of around
—53.9 mV. This liposomal vaccine resulted in significant acti-
vation of CD8" and iNKT cells, as indicated by increased
secretion of IFN-y. Furthermore, the inclusion of lipo-Le”
improved the uptake by moDCs, dDCs, and LCs, while also
enhancing the activation of gp100-specific CD8" T cells and
iNKT cells in human skin-emigrated APCs. Loading moDCs
with liposomes containing Le’ resulted in the priming of
MART-14,4_35.-specific CD8" T cells. Consequently, these lipo-
somes represent a novel cancer vaccination approach.***

Another kind of multivalent platform for CLR targeting is
PAMAM dendrimers. These dendrimers are symmetrical,
highly branched, monodisperse polymers featuring a compact
spherical shape, with diameters varying from 1.1 nm for the
first generation (GO) to 9 nm for the seventh generation (G7).
They are commercially available with their functional groups
activated, which allows for the design and development of
multivalent structures through simple chemical reactions. In
their study, Garcia-Vallejo and colleagues modified poly(amide
amine) PAMAM dendrimers using a peptide antigen that ends
with LeP. Their findings indicated that third-generation den-
drimers with 16-32 glycans had the optimal level of multiva-
lency for enhanced binding to DC-SIGN, internalization by
moDCs, and delivery to lysosomal compartments, leading to
specific CD4" and CD8" T cell responses.®'

10.4.2. Targeting of langerin. Prof. Patrizia Stoitzner’s
group works on LC targeting via the CLR langerin. LCs showed
XPT of exogenous antigen to CD8" T cells and further induced
various effector functions, such as cytokine production and
cytotoxicity, and therefore are a potentially important target
for effective epicutaneous vaccination strategies. In another
study targeting of LCs via anti-langerin-EBNA1 fusion protein
showed exclusive binding of fusion protein to LCs via the CLR
langerin, which further resulted in functional cytokine-produ-
cing CD4" T cells.**®*" Prof. Patrizia Stoitzner and Prof.
Christoph Rademacher’s group prepared a liposome platform
for the delivery of protein antigen to langerin-expressing cells
that was formulated using a DPSC/Chol/DSPE-PEG mixture in
a ratio of 57:38:5 and also included 4.75%
DSPE-PEG-GlcNTosyl and 0.25 mol% DSPE-PEG-AlexaFluor647
for langerin targeting and tracking of liposomes. Another set
of liposomes incorporated 4.5 mol% DSPE-PEG-GlcNTosyl as a
targeting ligand and 0.25 mol% pHrodo, along with A647, to
monitor the uptake and routing of liposomes into langerin-
expressing adherent HEK293 cells. The size of the liposomes
was 140 + 23 nm. Confocal imaging revealed their uptake into
cells, evidenced by punctate fluorescence in endosomal com-
partments, while live cell imaging demonstrated accumulation
in acidic late endosomal/lysosomal regions. This study high-
lighted that the influx of liposomes into late endosomal/lyso-
somal compartments was sustained by new liposomes enter-
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ing early endosomal compartments. Notably, when protein
antigen-loaded liposomes were incubated with langerin-expres-
sing cells and primary human LCs, specific delivery mediated
by langerin was observed, making this liposomal platform a
promising tool for targeted vaccine delivery in the
epidermis.*'®

Functional nanogels created through the self-assembly of
associated polymers have gained significant attention as
potential nanocarriers. Cholesteryl-group-bearing pullulan
(CHP) forms physically cross-linked nanogels by self-assem-
bling in water. These CHP nanogels effectively capture proteins
mainly through hydrophobic interactions, functioning simi-
larly to chaperones. This process allows proteins to be
enclosed within the hydrated gel without aggregation,
enabling their release in their native form. As a result, CHP
nanogels exhibit remarkable capabilities for protein delivery,
particularly in the development of cancer
Furthermore, a novel adjuvant intranasal vaccine delivery
system has been developed using nanometer-sized hydrogels
made from cationic CHP, which has demonstrated both sys-
temic and mucosal antigen-specific immune responses.*'®
Prof. Kazunari Akiyoshi’s group developed a carboxyl group-
modified CHP (CHPCOOH) nanogel vaccine system for cancer
immunotherapy. The CHPCOOH nanogel vaccine was created
using the following method: CHP, CHPCOOH19/CHPCOOH40
were dissolved in phosphate-buffered saline (PBS) containing
6M urea, followed by addition of 1.6 mg ml™" of ovalbumin
(OVA), the mixture was incubated at 37 °C for 24 hours. The
resulting OVA/CHPCOOH19 and OVA/CHPCOOH40 were dia-
lyzed against PBS to remove urea, passed through a 0.22 pm
filter, and stored at 4 °C. The diameters of OVA/CHPCOOH19
and OVA/CHPCOOH40 were 96 nm and 98 nm, respectively,
while their zeta potentials were —15 mV and —21.8 mV, indicat-
ing a decrease in zeta potential depending upon the substi-
tution degree of carboxyl group substitution. The interaction
between CHPCOOH nanogels and DC2.4 cells increased in a
time-dependent manner. In contrast, as RAW264.7 expressed
the SR-A molecule, interactions with RAW264.7 were improved
by increasing carboxyl group substitution. Incubation of
RAW264.7 cells with fucoidan or poly I reduced their uptake,
demonstrating SR-mediated interaction with the cells.
Additionally, antigen XPT by mature DC2.4 cells occurred in
the presence of CpG, a TLR9 agonist. The CHP nanogel with
carboxyl groups induced significantly stronger CTL activation.
The CHPCOOH nanogels exhibited interactions that were 2-4
times more significant with DCs and M@s. These nanogels
also enhanced interactions with migratory langerin® DCs,
which migrate from the skin to lymph nodes. Therefore,
CHPCOOH nanogel vaccines interacted with various APCs
through mechanisms such as phagocytosis and via SRs, as
well as through langerin. Furthermore, CHPCOOH nanogels
improved interactions with CD103" langerin” DCs, a subset
capable of XPT. These gels also presented antigens to DCs
with langerin receptors in vivo, contributing to the production
of killer T cells. In summary, CHPCOOH nanogels demon-
strate potential as a novel therapeutic cancer vaccine®*°

vaccines.
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10.4.3. Dual targeting of DC-SIGN and langerin. The CLRs
DC-SIGN and langerin share similar glycan preferences, both
binding to mannosylated glycans. However, their specificity
differs for fucose-containing glycans: DC-SIGN recognizes all
Le blood group antigens (Le?, Le®, Le¥, and LeY), while langerin
binds specifically to the difucosylated glycans Le® and Le¥.>*!
Additionally, DC-SIGN and langerin are expressed on different
DC subsets, with notable differences in their molecular orien-
tation. DC-SIGN forms oligomeric structures through its stem
region, allowing greater flexibility in its CRD for ligand inter-
action. In contrast, langerin forms trimers via a coiled-coil
structure in its extracellular neck region, forming a rather rigid
unit.**>?** 1t is worth examining the preferences of CLRs for
glycan-based formulations using glycan-modified peptides or
liposomes. Both CLRs recognize Le’, with Le’-modified lipo-
somes binding to DCs via DC-SIGN, facilitating the activation
of antigen-specific CD4" and CD8" T cells. In contrast, these
liposomes bind to LCs through langerin but do not undergo
endocytosis or induce antigen presentation. Interestingly, Le’-
modified long synthetic polypeptides (LSPs) enhance XPT
when delivered to LCs through langerin, while the same LSPs,
recognized by DCs via DC-SIGN, fail to internalize and do not
promote XPT.>** Two levels of clustering explain the observed
differences in glycoliposome internalization via DC-SIGN"
moDCs and langerin® LCs. DC-SIGN exhibits the highest
affinity for Man-BSA due to the addition of second and third
mannoses among all the tested CLRs, including langerin. This
difference highlights the impact of multivalency on DC-SIGN
binding in comparison with langerin. Moreover, DC-SIGN is
arranged on the DC surface in 200 nm nanodomains. DC-SIGN
cluster formation is crucial for both internalizing and binding
of viral particles, which also increases the avidity of DC-SIGN
for multimeric ligands. In contrast, the organization of lan-
gerin into nanodomains has not been described. While lan-
gerin forms trimers on the cell surface, DC-SIGN exists as tetra-
mers, leading to enhanced strength in glycan-receptor inter-
actions. Thus, DC-SIGN organization at two levels of cluster-
ing, nanodomain formation and tetramerization, enhances the
strength of single glycan-receptor bonds in a synergistic
manner. Multivalent ligands benefit from this phenomenon as
glycan-DC-SIGN interactions increase from low to high avidity
in the submicromolar and nanomolar ranges.*>*3>¢

A glycodendrimer-based approach was developed for dual
targeting of CLRs (DC-SIGN and langerin). GO and G3 PAMAM
dendrimers were coupled with a melanoma-specific gp100 syn-
thetic long peptide and modified with the glycan Le%, a
common ligand for both receptors for creating multivalent gly-
codendrimers. The G3 glycodendrimers were effectively bound
and internalised by moDCs and primary LCs in a DC-SIGN-
and langerin-dependent manner, respectively. In a human
skin explant model, langerin was expressed on LCs, and CD14"
DCs expressed DC-SIGN, both showing increased uptake of
G3 glycodendrimers. CD1a" dDC also efficiently took up glyco-
dendrimers. Glycodendrimer-pulsed moDCs with the TLR4
stimulus MPLA exhibited enhanced degranulation and IFN-y
production. Similarly, G3 glycodendrimers targeting langerin
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on primary LCs increased CD8" T cell activation. Thus,
G3 glycodendrimers improved binding to moDCs and LCs in a
DC-SIGN- and langerin-dependent manner, and antigens were
efficiently routed to the XPT pathway in the presence of a TLR
stimulation. Thus, glycodendrimer-based glycovaccine formu-
lations can be employed to target numerous human skin DC
subsets.>**

These approaches of DC-SIGN and langerin are summar-
ized in Fig. 6.

10.4.4. Targeting of CD169/siglec-1. Ganglioside-lipo-
somes are utilized for targeted tumor antigen delivery to
CD169" APCs. Sialic acid-containing glycosphingolipids, such
as GM3, GT1b, and GD1a, serve as ligands for CD169. These
CD169" M@s are involved in antitumor immunity by capturing
tumor-derived materials, and their frequency in draining
lymph nodes is associated with clinical outcomes in various
cancers. Affandi et al. harnessed the potential of CD169-
ganglioside interactions for tumor antigen delivery to CD169"
APCs through ganglioside-containing liposomes. Ganglioside-
containing liposomes were prepared using EPC-35, EPG-Na
and Chol in a ratio of 3.8:1:2.5. Gangliosides (3 mol% GM1,
GM3, GD3, GD1a and GT1b) and 0.1 mol% of lipophilic fluo-
rescent tracer DiD were added to the mixture. TLR-ligand
MPLA (2 mol%) or R848 (4 mol%) was also added. The pan-
creatic cancer-associated antigen Wilms’ Tumor 1 short
peptide and gp100 long peptide, both at 3 mg ml™, were
encapsulated into liposomes. The size, PDI and zeta potential
were 164-177 nm, 0.09-0.13, and —51.2 to —56.8 mV, respect-
ively. Specifically, all ganglioside-liposomes bind to CD169
and the CD169-overexpressing THP-1 human monocytic cell
line, with GDla- and GT1b-liposomes showing the most
effective binding. Monocyte-derived M@s (moM@s) highly
expressing CD169 bound and internalized ganglioside-lipo-
somes in a CD169-dependent manner. Moreover, human
primary M@s also took up ganglioside-liposomes in a CD169-
dependent manner, while moDCs demonstrated efficient
binding and internalization. Furthermore, inclusion of TLR4
ligand MPLA and WT1 antigen in ganglioside-liposomes
showed uptake of these liposomes by moDCs, stimulated IL-6
production indicating its activation, and furthermore these
liposomes also stimulated IFNy secretion by CD8' T cells.
GM3-containing liposomes encapsulating gp100 long peptide
cocultured with moDCs induced similar levels of IFNy by
gp100-specific T cells, comparable to Le’ liposomes.
Additionally, ganglioside-liposomes were also internalized by
Axl" DCs in a CD169-dependent manner. GM3-liposomes with
WT1 tumor antigen and TLR7 ligand R848 further promoted
IFNy secretion from WT1-specific CD8" T cells. AxI" DCs were
also found in cancers of pancreatic ductal adenocarcinoma,
gastrointestinal malignancies, hepatocellular carcinoma, mela-
noma and colorectal liver metastasis. High expression of
CD169 in Axl" DCs was observed and these DCs can also take
up ganglioside liposmes.**” OVA-encapsulated and GM3- and
aGC-containing liposomes were prepared to achieve CD169"
targeting and superior DC activation. Using a similar lipid

mixture, EPC-35, EPG-Na and Chol in a molar ratio
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Fig. 6 Glycomaterial-based targeting of DC-SIGN and langerin for improved anticancer immune responses: (a) liposomes containing the glycan Le*
which is highly specific for DC-SIGN expressed by DC. Le*-modified liposomes were taken up by DCs in a DC-SIGN-specific manner. The addition
of LPS enhanced the presentation of encapsulated antigens to CD4* and CD8" T cells. Furthermore, incorporating MPLA promoted DC maturation
and the production of pro-inflammatory cytokines, significantly improving XPT to CD8* T cells. Le’-modified liposomes are endocytosed by
DC-SIGN* DCs and mediate efficient antigen presentation to CD4* and CD8* T cells. (b) Liposomal vaccine containing synthetic long peptides and
aGC conjugated with Le¥ antigen promotes CD8" T cell responses and induces iNKT cell activation, which enhances XPT. (c) The
G3 glycodendrimers were effectively bound and internalised by moDCs and primary LCs in a DC-SIGN- and langerin-dependent manner, respect-
ively and enhanced the CD8* T cell activation and response. Additionally, moDCs pulsed with glycodendrimer displayed specific activation of
gpl100-specific CD4™ T cells, as indicated by IFNy secretion, which increased both in the absence and presence of TLR4 stimulation (MPLA). (d) OVA/
CHPCOOH is an anionic nanogel based vaccine designed to be delivered to draining lymph nodes, where it engages with APCs. This nanogel
vaccine upon interacting with SR and langerin promotes the endocytosis and presentation of antigens via both MHC class | and class Il pathways
(created in BioRender. Jain, M. (2025) https://BioRender.com/edvy8q8).

This journal is © The Royal Society of Chemistry 2025 Biomater. Sci., 2025,13, 3447-3497 | 3473


https://BioRender.com/edvy8q8
https://BioRender.com/edvy8q8
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4bm01732c

Open Access Article. Published on 05 May 2025. Downloaded on 3/13/2026 10:10:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(3.8:1:2.5) were dissolved in chloroform/methanol (2 : 1 ratio)
and combined with 3 mol% GM3 gangliosides and/or
a-galactosylceramide (30 pg) and 0.1 mol% of the lipophilic
fluorescent tracer DiD. The sizes, PDI, and zeta potential of
GM3-OVA, oGC-OVA, and GM3-aGC-OVA liposomes ranged
from 152 to 175 nm, 0.09 to 0.11, and —55 to 56 mV, respect-
ively. GM3-modified liposomes were efficiently taken up by
splenic CD169" M@s. The inclusion of aGC in liposomes effec-
tively activated NKT and NK cells, leading to IFNy production.
Immunization with GM3-aGC-OVA liposomes resulted in a
high frequency of antigen-specific CD8" T cells and higher
CD8" T cell response, and also stimulated CD4" T cells and B
cells. Following vaccination with GM3-aGC-OVA liposomes,
CD169" M@s are vital for activating antigen-specific CD8" T
cells, although their role in activating B cells, NKT cells, and
NK cells is quite limited. Additionally, cDC1 cells play a crucial
role in generating antigen-specific CD8" T cells when immu-
nized with GM3-aGC-OVA liposomes. Immunization using
GM3-GC liposomes has been found to improve DC maturation.
NKT cells can help mature DCs by increasing the expression of
CD40L and secreting cytokines, as indicated by the presence of
IFN-y- and IL-4-producing cells and the upregulation of
CD40L. A significant number of NK cells producing IFN-y were
also detected. Maturation markers such as CD40, CD80, and
CD86 showed increased expression on both ¢DC1 and cDC2
cells. Moreover, GM3-aGC liposomes lead to elevated levels of
IL-12, indicating their possible role in promoting a stronger
immune response in mice.**®

Extracellular vesicles (EVs) are nano- to micro-sized lipid
bilayer assemblies released from nearly all cell types. EVs
consist of DNA, RNA, and proteins derived from their donor
cells, serving as mediators of intracellular communication.
Recently, EVs have been shown to play significant roles in
various processes, including immune responses, tumor growth
and metastasis, and viral infections. Different types of EV have
been identified based on their origin, including apoptotic EVs
(nanometer-sized), endosome-derived vesicles known as exo-
somes (less than 200 nm), and microvesicles (MVs), which are
formed by direct budding from the plasma membrane. Cell
surface glycans play a crucial role in cell recognition, immu-
nity, microbial infection, signal transduction, and cancer.
Consequently, the glycans on the surface of EVs are also
important in these processes. High-throughput analysis of EV
surface glycans has been performed using lectin microarrays
with evanescent field fluorescence (EEF) detection. The EEF-
assisted lectin microarray binds to lectins without any washing
steps, enabling accurate analysis of EVs even with small
amounts less than 500 ng.**® Alterations in glycosylation are
widely recognized as associated with cancer diagnosis, includ-
ing N-linked branched glycans, fucosylation, sialylation, and
truncated O-glycans. Sialyl-Tn from EVs can act as a marker for
gastric cancer.’*® EV surface glycans play a key role in their
internalization. In a study, mesenchymal stem cell-derived EVs
were injected subcutaneously into mice to assess their uptake
by APCs in the lymph nodes. The results showed that EVs pre-
ferentially bound to CD11b-expressing cells, particularly those
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that were siglec-positive, highlighting the potential for cell-
surface lectin-mediated entry. This indicates that the glycans
on the surface of EVs can act as ligands for cell-specific target-
ing. Additionally, another study found that B-cell-derived EVs,
which were enriched with «-2,3-linked sialic acids, successfully
bound to siglec-1" M@s in the spleen and lymph nodes. This
suggests that glycoengineering of cells and EVs can be utilized
to enhance cellular uptake and modulate biodistribution.***
Indeed, glycoengineering of cells and EVs has been applied for
enhancing cellular uptake and modulation of biodistribution.
The role of EV surface glycans in cellular uptake has been
demonstrated. The potential role of EV glycan in uptake has
been demonstrated using two murine hepatic cell lines, and
cells treated with glycosidase PNGase F and neuraminidase
showed enhanced affinity of EVs. Therefore, EV glycoengineer-
ing is another important strategy in enhancing their cellular
uptake and for modified EVs as anti-cancer vaccines.**?

EVs derived from glioblastoma may serve as an enriched,
cell-free source of tumor-associated neoantigens to stimulate
DCs for an anti-tumor immune response. EVs were isolated
from two well-established glioblastoma cell lines, U87 and
GBMS, using ultracentrifugation. The quality of the EV prepa-
ration was assessed using immune transmission electron
microscopy (immune-TEM) with CD63 immunogold staining.
The TEM images revealed the typical morphology of the EVs.
Size distribution profiles of EVs were assessed using TEM
images and nanoparticle tracking analysis. Surface analysis
revealed the presence of «-2,3- and «-2,6-linked sialic acid-
capped complex N-glycans, along with bi-antennary N-glycans.
Screening for siglec ligands indicated preferential binding to
siglec-9, which is predominantly expressed on DCs.
Desialylation via pan-sialic acid hydrolase reduced sialic acid
on EVs, and subsequent insertion of Le’, a high-affinity ligand
for DC-SIGN, resulted in a four-fold increase in uptake by
moDCs. This suggests that modified EVs could serve as a
promising anti-cancer vaccine.**?

10.4.5. Targeting of MR. Prof. V. Apostolopoulos’s group
observed that monovalent or multivalent mannoside-conju-
gated lipopeptides, antigens, and nanocarriers that are tar-
geted towards MR have displayed an increased rate of uptake
by MR-positive APCs. The effective presentation of MUC1 to T
cells by ex vivo targeting of MR-expressing M@s with oxi-
mannan-MUC1 and adoptive transfer leads to high-frequency
CTL generation and protection from tumor challenge. This
strategy has been reported to be effective in reducing the rate
of breast cancer recurrence.***?%

Prof. Zhuang Liu’s group has constructed a cancer vaccine
by encapsulating the TLR7 agonist imiquimod (R837) in PLGA
nanoparticles coated with cancer cell membrane whose
surface proteins act as tumor-specific antigen and further
modified them with mannose to prepare NP-R@M-M. In brief,
PLGA NPs loaded with TLR7 agonist imiquimod (R837) were
prepared. B16-OVA membrane in PBS was mixed with PLGA
NPs at 4 °C overnight (NP-R@M). NPs were collected by cen-
trifugation and further modified with mannose. The obtained
membrane-coated NPs (NP-R@M) were mixed with mannose-
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conjugated 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-methoxy (polyethylene glycol) (DSPE-PEG-Man) to prepare
mannose-modified and membrane-coated adjuvant NPs
(NP-R@M-M). The solution was further stirred for 1 h and the
obtained product (NP-R@M-M) was stored in PBS. The sizes of
NP-R@M and NP-R@M-M were in the range of 140-160 nm.
Membrane-coated NPs have a zeta potential of —23 mV.
NP-R@M-M showed enhanced cellular uptake by BMDCs and
were highly taken up by M@s. NP-R@M-M are also very
effective in triggering DC maturation, secreting high amounts
of TNF-a and IL-12 cytokines. NP-R@M-M showed high reten-
tion in lymph nodes due to high interaction with APC (MR
positive), exhibited a very high antitumor effect and also trig-
gered upregulation of IFN-y generation.>*¢

Prof. Wantong Song’s group has developed TLR9 agonist
CpG- and OVA-loaded mannan-decorated polylactic acid—poly-
ethylenimine (PLA-PEI) assembled nanoparticles which have
been shown to enhance the targeting of DCs, which can be the
result of MR- and DC-SIGN-mediated endocytosis, stimulate
DC maturation, promote XPT and enhance tumor-specific
immune responses. Effective vaccine accumulation in lymph
nodes is crucial for a strong T cell response. Particles sized
20-200 nm are optimal for this, and surface hydrophilic
shielding can improve their lymph node drainage. Cationic
polymers like branched PEI enhance this process through the
proton sponge effect, facilitating endosomal rupture and
antigen release into the cytosol, making PEI a valuable nano-
carrier. The MPVax nanovaccine, developed for cancer immu-
notherapy, utilizes a PLA-PEI core loaded with CpG and anti-
gens, shielded with oxidized mannan. In brief, conjugation of
PLA to PEI was performed to create PLA-PEI, followed by the
formation of a PLA-PEI inner core (PVax) through nanoprecipi-
tation. The MPVax-CpG/OVA was prepared by mixing OVA and
CpG with PVax (1.0 mg ml™") in a weight ratio of 2:1: 10, and
then adding this mixture to mannan solution (5 mg ml™) at a
1:5 volume ratio. The resultant MPVax-CpG/OVA had a size of
110 + 20 nm, a zeta potential of 11 + 2 mV, and an OVA loading
efficiency of 96 + 3%. The internalization behavior indicated
stronger fluorescence intensity for MPVax-CpG/cy5-OVA, attrib-
uted to MR- and DC-SIGN-mediated endocytosis. This formu-
lation exhibited the strongest stimulatory effects and improved
DC activation due to the combined action of CpG and
mannan. MPVax-CpG/OVA achieved the highest antigen XPT,
with mannan enhancing the vaccine’s ability to drain to lymph
nodes. A greater population of OVA" DCs was observed in the
MPVax-CpG/OVA group, particularly an increase in OVA'CD8"
DCs in the deeper paracortex of lymph nodes, confirming
superior antigen XPT. Treatment with MPVax-CpG/OVA
resulted in a significantly increased IFN-y" CD4" and CD8" T
cell population, as well as heightened CD4" and CD8" memory
T cell levels, leading to enhanced T cell infiltration and
effective tumor growth inhibition. In murine models, MPVax-
CpG/MC38 demonstrated strong efficacy in preventing tumor
relapse post-surgery, with elevated IFN-y" T cell populations
and effective memory response induction. Similarly, in the

EO771 tumor model, MPVax-CpG/EO771 nanovaccine
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improved survival rates. In both the murine tumor models a
superior anti-tumor response was observed, with 50% of mice
completely cured.?*”

In another study mannan-decorated stimulator of the inter-
feron genes (STING)-activating vaccine carrier was developed
for systematic, spatially coordinated stimulation of antigen-
specific immune responses and induction of strong anti-
tumor immunity. In brief, the azole molecule end-capped poly-
ethyleneimine (PEI-4BImi), which was shown to have innate
stimulating activity via activation of the STING pathway,’*® was
further improved. PLA-PEI-4BImi (referred to as PPB) was syn-
thesized using amide condensation agents. The synthesis
involved dissolving 4BImi (1 mmol, 20 equivalents), PLA-PEI
(0.025 mmol, 1 equivalent), EDC-HCL (1.5 mmol, 30 equiva-
lents), and NHS (2 mmol, 40 equivalents) in DMSO, which was
dialyzed after 72 hours with water at a pH ranging from 3 to 7
and then lyophilized. To prepare PPB/OVA-MO0.5/1, OVA solu-
tion (1.0 mg ml™") was added dropwise to the PPB solution
(3.0 mg ml™") at a 1: 1 volume ratio while vortexing, and then
oxidized mannan (1.0 mg ml™") was added at weight ratios of
1:0.5 and 1: 1. This process conjugated hydrophobic PLA with
branched PEI, enhancing nanoparticle stability. Additionally,
the loading of OVA followed by mannan decoration resulted in
an increase in the diameter of the nanoparticles and a
decrease in their zeta potential. PPB/OVA-MO0.5/1 remained
stable for 48 hours due to branched PLA and effectively acti-
vated the STING pathway, as evidenced by IFN-f secretion,
despite a slight reduction in IFN-f caused by mannan decora-
tion. This formulation enhanced cellular uptake, DC matu-
ration, and TLR4 interactions, promoting synergistic effects
with the STING pathway as shown in Fig. 7. Mannan decora-
tion further improved its accumulation and DC-targeting
capacity in the lymph nodes. PPB/OVA-M1 resulted in a signifi-
cant increase in OVA'CD8" DC populations, along with
enhanced accumulation in pDCs, crucial for IFN secretion and
T cell differentiation. In vivo studies demonstrated that PPB/
OVA-M1 had superior spatial synergy in activating antigen-
specific immunity, indicated by better innate stimulation
through STING pathway phosphorylation. In a B16-OVA mela-
noma model, PPB/OVA-M1 displayed a remarkable 93% tumor
growth inhibition, increased DCs in the lymph nodes, and
boosted CD8" effector and central memory T cells, leading to a
robust antigen-specific immune response. These findings
highlight the superior efficacy of the mannan-decorated STING
activating vaccine.>*°

10.4.6. Targeting using pH-sensitive liposomes. Associate
Prof. Eiji Yuba’s group uses pH-sensitive liposomes for devel-
oping GNVs. The delivery of antigens directly into the cytosol
presents a promising approach for enhancing antigen XPT.
Often termed stimulus-responsive liposomes, pH-sensitive
liposomes are modified on their surface with pH-sensitive
materials. These liposomes release their contents, such as
modeled or tumor antigens, into the cytosol when they
encounter a change in pH or when the endosomal membrane
destabilizes. Glycan-coated pH-sensitive liposomes are pre-
pared to transfer the antigen to the cytosol, which induces DC
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Fig. 7 Glycomaterial-based targeting of siglec-1 and MR for improved anti-cancer immune response focusing on enhanced CD8" T cell responses:
(a) delivery of GM3/WT1/MPLA-liposomes to CD169* moDCs and Axl* DCs leads to XPT of antigen and activation of tumor antigen-specific CD8* T
cells. GM3/WT1/MPLA-liposomes were bound and taken up by human moDC in a CD169-dependent manner and stimulate IL-6 production by DCs,
further promoting IFN-y secretion by CD8* T cells. Similarly, GM3/WT1/R848 liposomes are specifically bound and taken up by Axl* DCs in a
CD169-dependent manner, induce TNFa production and further drive IFN-y production by CD8* T cells; (b) Cancer cell membrane-coated adjuvant
nanoparticles modified with mannose and containing the TLR7 agonist imiquimod (R837) were significantly taken up by MR-positive DCs. This
approach was highly effective in triggering DC maturation and effective CTL responses, and when combined with PD-1 blockade, it exhibited a
remarkable antitumor effect; (c) Mannan-decorated pathogen-like polymeric nanoparticles (MPVax), loaded with CpG and antigen, promote
efficient accumulation in lymph nodes, enhance endocytosis, stimulate DC activation and promote antigen XPT, induce robust antigen-specific T
cell responses, and effectively inhibit tumor growth; (d) Mannan-decorated STING-activating vaccines improve cellular uptake, DC maturation, and
TLR4 interactions. This promotes synergistic effects with the STING pathway, resulting in nanovaccine accumulation in lymph nodes. Further
mannan decoration improved DC targeting ability in lymph nodes and CD4* and CD8* T cells were greatly enhanced. Effector and central memory
T cells were also significantly enhanced, ultimately leading to a strong antigen-specific immune response (created in BioRender. Jain, M. (2025)
https://BioRender.com/78m3q01).
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maturation upon glycan recognition by CLRs expressed by
APCs. This strategy has been shown to induce antigen-specific
immune responses and tumor regression.>*>2*%3*! pH-sensi-
tive liposomes were prepared using poly(carboxylic acid)s pre-
pared by the polymerization of monomers having carboxyl
groups, for example: poly(2-ethyl acrylic acid), poly(2-propyl
acrylic acid), and methacrylic acid copolymers. Polyglycidol
having a PEG-like backbone and hydroxy group in its side
chain can be functionalized via esterification to get polyglyci-
dol-based poly(carboxylic acid)s. Succinylated polyglycidol
(SucPG) was prepared by incorporating succinyl groups to the
side groups of polyglycidol. Inclusion of SucPG in stable egg
yolk phosphatidylcholine (EYPC) liposomes gives its pH-
responsive fusogenic property. Furthermore, SucPG-modified
liposomes delivered their contents into the cytosol by fusion
with endosomes.>'® In a strategy to prepare polysaccharide-
based pH-sensitive liposomes, dextran derivative-based pH-
sensitive liposomes were prepared which were able to produce
efficient antigen-specific cellular and humoral immune
responses upon being endocytosed by DCs, resulting in a sig-
nificant reduction in tumor growth. In brief, pH-sensitive poly-
mers were attached to dextrans using 3-methylglutaric anhy-
dride to create 3-methyl-glutarylated dextran (MGlu-Dex).
Liposomes were prepared by adding a thin membrane of EYPC
(10 mg) to 1 ml of 4 mg mI~" OVA in PBS (pH 7.4) and vortex-
ing at 4 °C. The mixture underwent freeze-thaw cycles and was
extruded through a 100 nm polycarbonate membrane. Free
OVA was removed by passing the liposome suspension through
a Sepharose 4B column. For polymer-modified liposomes, a
similar method was used, incorporating a lipid-polymer
mixture (lipids/polymer = 7/3, w/w) and MPLA (4 g mol™") to
enhance the immune response. The prepared liposomes,
measuring 100-150 nm in diameter, demonstrated a high
negative zeta potential of around —50 mV, indicating a signifi-
cant surface charge. Polymer-modified liposomes exhibited
pH-sensitive destabilization in weakly acidic conditions and
were effectively internalized by DCs, delivering their contents
into the cytosol. These liposomes successfully induced
antigen-specific immunity and showed therapeutic effects in
tumor-bearing mice.>*°

Following a similar strategy, chondroitin sulfate (CS)-based
pH-sensitive polymer-modified liposomes were prepared. CS
derivatives were prepared by reaction of CS with 3-methyl-
glutaric anhydride and 1,2-cyclohexanedicarboxylic anhydride
to MGIu-CS and 2-carboxycyclohexane-1-carboxylated CS
(CHex-CS). A dry, thin membrane made from a mixture of
EYPC and polysaccharides at different lipid—polymer ratios
was suspended in PBS with 4 mg mL™" OVA through brief soni-
cation. This was followed by hydration via freeze-thaw and
extrusion through a 100 nm polycarbonate membrane. The
liposome suspension was then purified by ultracentrifugation,
resulting in liposomes with an average size of 130-200 nm and
a negative zeta potential. CS derivative-modified liposomes
containing high contents of MGlu or CHex units displayed
elevated cellular association to DCs. Dextran sulfate, an inhibi-
tor of scavenger receptor (SR), suppressed the cellular associ-
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ation, suggesting that liposomes were internalized by reco-
gnition of anionic molecules on liposomes by DC2.4 cell SR.
Polymer-modified liposomes were taken up by the DC2.4 cells
and they released FITC-OVA inside of endo/lysosomes in
response to a weak acidic pH. Modified liposomes further
destabilized the endo/lysosomal membranes over time,
leading to the release of FITC-OVA into the cytosol.
Introduction of CHex in CS increased their adjuvant pro-
perties. CHex77-CS-A8-modified liposomes showed higher
cytokine production by DCs, confirming that CS derivatives
showed an adjuvant effect upon modification which was
responsible for tumor regression in tumor-bearing mice.**!
Further study explored the combined antigen delivery and
adjuvant capabilities of pH-sensitive liposomes incorporating
the bioactive polysaccharides curdlan and mannan, which are
recognized by the CLRs dectin-1 and dectin-2 on M@s and
DCs. 3-Methyl glutarylated mannan (MGlu-Man) and 3-methyl
glutarylated curdlan (MGlu-Curd) were prepared by reaction
with 3-methylglutaric anhydride. Polymer-modified liposomes
containing MGlu-Man and MGlu-Curd were prepared using
OVA as a model antigen, similar to the dextran- and CS-based
pH-sensitive liposomes. MPLA (4 g mol ™" lipids) was incorpor-
ated into the liposomal membrane to enhance the immune
response. The modified liposomes exhibited a smaller dia-
meter, ranging from 100 nm to 131 nm, compared with unmo-
dified liposomes (157 nm). Additionally, the zeta potential of
unmodified liposomes was —11.6 mV, while modified lipo-
somes ranged from —20.0 mV to —50.5 mV. The decreased zeta
potential after modification with polysaccharide derivatives
suggests effective surface coverage with carboxylated com-
pounds. For example, MGlu-Curd-C10 exhibited a strong nega-
tive charge of —50 mV, while MGlu-Man-C10 showed a lower
zeta potential, indicating limited exposure of carboxylic acids
due to steric hindrance from branched structures. Modified
liposomes in the weakly acidic pH range (6.5-5.0, corres-
ponding to early/late endosomes) displayed content release
but became hydrophobic and destabilized at these pH levels.
MGlu-Curd-C10-modified liposomes demonstrated signifi-
cantly higher content release compared with MGlu-Man-C10
due to differences in hydrophobicity. MGlu-Curd-C10 exhibi-
ted 13 times greater cellular association than unmodified lipo-
somes, while MGlu-Man-C10 had less cellular association due
to its lower zeta potential, as SR on DCs preferentially recog-
nize anionic molecules. The high affinity of SR for MGlu-Curd-
C10 was confirmed by the inhibition of cellular association
with dextran sulfate, and to a lesser extent by curdlan, indicat-
ing interaction with dectin-1. However, liposomes with high
MGlu content were unaffected by curdlan, suggesting that
higher MGlu levels inhibit the curdlan-dectin-1 interaction.
Notably, the interaction of MGlu-Man-C10-modified liposomes
was also inhibited by dextran sulfate, indicating SR-mediated
interactions. Therefore, modification of mannan with MGlu
completely abrogated its interaction with dectin-2.
Furthermore, the antigen delivery performance of modified
liposomes showed much lower colocalization values than
unmodified liposomes, confirmed that polysaccharide deriva-
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tives became hydrophobic at the weakly acidic pH of early/late
endosomes and destabilized efficiently their and the endo-
somal membranes and released the FITC-OVA in the cytosol of
DCs. Moreover, curdlan- and mannan-modified liposomes
induced higher levels of TNF-a, IL-10, IL-12, and enhanced
IL-1p production, activating the inflammasome. I vivo, MGlu-
Curd modified liposomes triggered a significant increase in
IFN-y and exhibited greater cytotoxicity as well as antitumor
effects. Notably, treatment with MGlu-Curd-C10 without MPLA
resulted in improved tumor regression and prolonged survival,
while the presence of MPLA further amplified the antitumor

response, with MGlu-Man-C10 showing the strongest
effects.>*>
pH-Responsive hyaluronic acid (HA) derivatives are

gaining popularity as an intracellular drug delivery system.
HA selectively binds to the CD44 molecule on cancer cells,
enabling the targeted release of anti-cancer drugs in response
to endosomal pH changes. Additionally, CD44 is expressed
on antigen-presenting cells (APCs), where HA acts as an
inflammatory mediator via recognition of CD44 and/or TLR2/
4. Liposomes modified with pH-sensitive HA derivatives
(MGlu-HA-A and CHex-HA-A) were developed, averaging
120-140 nm in size with a negative zeta potential. These HA-
modified liposomes exhibited enhanced cellular uptake by
APCs, delivered antigens to DC cytosols, and demonstrated
adjuvant properties, evidenced by increased production of
Th1 cytokines (TNF-a and IL-12). Notably, CHex-HA deriva-
tives significantly boosted TNF-a production with higher
CHex units up to 100 resulting in increased cytokine pro-
duction. Higher CHex units introduced in liposomes also
showed high IL-12 from DC2.4 cells. Moreover, the modified
liposomes enhanced IFN-y production and showed promising
therapeutic effects in tumor-bearing mice, leading to reduced
tumor volume and promoting antigen-specific cellular
immune responses.®*?

Incorporating mannose residues onto antigen delivery car-
riers enhances recognition by APCs. MR-mediated targeting
facilitates antigen uptake by DCs via the weakly acidic com-
partments, also known as the “vacuolar pathway”, making
mannose modification a key strategy for effective antigen deliv-
ery. The feasibility of mannose modification on pH-responsive
curdlan was assessed. Curdlan derivatives containing MGlu as
pH-sensitive units (MGlu-Curd) and decylamidated units for
liposomal membranes (MGlu-Curd-A) were further modified
with mannose to create MGlu-Curd-A-Man derivatives for
antigen-loaded liposomes. These liposomes were prepared by
hydrating a mixed thin film of EYPC and the curdlan deriva-
tives, using OVA as a model antigen. The liposomes were
extruded through a 200 nm polycarbonate membrane and pur-
ified using a Sepharose 4B column. Prepared liposomes were
in a size range of 150-180 nm with a negative zeta potential
showing modification of carboxylated curdlan derivatives.
These modified liposomes demonstrated content release at
weakly acidic pH levels (5-6), characteristic of late endosomes
and lysosomes, facilitating intracellular release. Man-3-modi-
fied liposomes achieved over 90% content release at late endo-
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some pH, showing 3-4 times higher cellular association in
MR-expressing RAW264.7 cells. Cellular associations of
primary cells from the spleen were also evaluated. Mannose-
modified curdlan derivative-modified liposomes were highly
internalized by F4/80" M@s and CD11c¢" DCs, thus showing the
possibility of uptake of these liposomes by APCs in vivo also.
Modified liposomes were internalized via endocytosis and
localized in endo/lysosomes. When delivering the FITC-OVA
model antigen, mannose-modified liposomes exhibited
enhanced cellular uptake and effective XPT, leading to strong
antitumor effects in tumor-bearing mice. However, no signifi-
cant difference was noted between curdlan-modified pH-sensi-
tive liposomes and mannose-modified variants
suggesting that further improvements are needed.***

To further improve the specific cell uptake, XPT efficiency,
adjuvant effect, and antigen-specific immune response, a pH-
sensitive polysaccharide derivative and ManyGlcNAc,-glycopep-
tide were introduced in antigen-loaded liposomes. Model
antigen OVA-loaded liposomes modified with pH-responsive
polysaccharide derivatives and soybean agglutinin (SBA)-
derived glycopeptides were prepared by hydration of a mixed
thin film composed of lipids and polysaccharide derivatives
and further extruded with a polycarbonate filter with a 100 nm
pore size to adjust the liposome size. Furthermore, maleimide-
introduced SBA glycopeptide was reacted with the liposomal
surface via a thiol-maleimide reaction. The size of the lipo-
somes was in the range of 90-110 nm, corresponding to the
pore size of the polycarbonate membrane. The PDI value of
0.10 showed a narrow size distribution. Modification of pH-
responsive polysaccharide derivatives results in a decrease of
zeta potential of liposomes and confirmed the modification of
carboxylated polymers on the surface. The prepared liposomes
showed content release below 6.5 pH. At pH 5.5 belonging to
the endosomal pH, 100% of the contents were released.
Glycopeptide- and pH-responsive polysaccharide-modified
liposomes enhanced the cellular association of these lipo-
somes and in the presence of excess glycopeptide the observed
association was decreased, confirming the interaction of these
liposomes with the lectins present on DC2.4 cells.
Glycopeptide- and pH-responsive polysaccharide-modified
liposomes demonstrated significantly enhanced XPT due to
their high cellular association. These liposomes also boosted
TNF-a and IL-6 production, and increased pro-inflammatory
cytokines, and displayed pH-responsive content release, along
with strong adjuvant properties. These liposomes elevated the
populations of DCs, M1 M@s, and effector T cells in the
spleen, while also promoting IFN-y secretion from splenocytes.
Notably, treatment with these liposomes reduced tumor
volume in tumor-bearing mice. This study highlights the effec-
tiveness of combining pH-responsive liposomes and glycopep-
tides in antigen-loaded formulations for improved XPT and
cancer immunotherapy.>®> The summary of these pH-sensitive
liposomes is illustrated in Fig. 8.

Indeed, XPT-based GNVs for cancer immunotherapy have
shown their performance in antigen-specific CD8" T cell
response generation. However, achieving their full potential

in vivo,
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Fig. 8 Overview of glycan-coated pH-sensitive liposomes in modulating immune responses: (a) dextran derivative-based pH-sensitive liposomes
are endocytosed by DCs into the endosome and get destabilized upon exposure to weak acidic environments, triggering the release of antigen into
the endosomes and their transfer to the cytosol. The antigens in the cytosol are presented via MHC class | to CD8* T cells, enhancing the CTL
response. Antigens in the endosome are presented through MHC class Il to CD4* T cell inducing antigen-specific Thl and Th2 cells; (b) Chondroitin
sulfate derivative-modified liposomes specifically target APCs through scavenger receptors, stimulating cytokine production and enabling the
escape of antigenic proteins from endosomes via pH-responsive membrane destabilization leading to CD8 T cell responses; (c) liposomes modified
with curdlan and mannan derivative are recognized by the receptors dectin-1 and dectin-2. These liposomes are endocytosed by DCs, leading to
the release of antigens into the cytosol due to the acidic environment within the endosomes, which promotes proteasomal degradation for sub-
sequent presentation to CD8" T cells; (d) HA-based pH-sensitive liposomes are recognized by CD44 found on APCs. These liposomes effectively
deliver model antigenic proteins into the cytosol of DCs, resulting in the release of degraded antigenic peptides that are then loaded onto MHC
class | molecules, eliciting recognition by CD8™ T cells; (e) The MR recognizes mannose-modified curdlan-coated liposomes and transports them to
the endosome for degradation. The acidic environment further promotes release of the antigen into the cytosol, where it is degraded by protea-
somes and then presented to CD8" T cells. They are also recognized by p-glucan receptors, which leads to enhanced DC maturation; (f) soybean
agglutinin-derived glycopeptide-modified pH-sensitive liposomes enhanced the liposome lectin-mediated uptake by DCs and cytosolic release of
antigen via pH-responsive endosomal membrane disruption. These liposomes promote the XPT and induction of antigen-specific CD8* and CD4* T
cell responses (created in BioRender. Jain, M. (2025) https://BioRender.com/wszgfjn).

requires overcoming the immunosuppressive effects of immu-
nomodulatory molecules such as siglecs and galectins.

Various nanocarriers can also be potentially functionalized
to deliver galectin and siglec inhibitors to sites of tumor pro-
gression. The overall efficacy of the GNVs can be enhanced by
either integrating galectin and siglec inhibitors into the GNVs
or providing nanocarrier-encapsulated galectin and siglec
inhibitors in combination with GNVs for obstructing the
glycan-lectin interactions which can help to suppress tumor
growth by inducing antitumor immunity and inhibiting aber-
rant angiogenesis.>*> Table 3 displays various nanoparticle

This journal is © The Royal Society of Chemistry 2025

(NP)-based therapies for inhibition of glycan-lectin inter-
actions to decrease cancer progression.

11. Ongoing approaches and
upcoming ways to challenge the
tumor glyco-code

One of the key tasks that must be addressed to enhance the
effectiveness of immunotherapies, such as GNVs, is the chal-
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Cancer Mode of
Target Structures Carrier model Combination administration Outcome Ref.
Gal-1 Chitosan lipid nanocapsules Glioblastoma Anti-EGFR anti- Intracranial Reduced expression of 346
" Gal-1 siRNA, injection by EGFR and galectin-1
temozolomide convection and enhanced survival
enhancement
delivery
Gal-3 STn-targeted PLA- Gastric ST6GalNac-I- Intravenous Downregulation of 347
didodecyldimethylammonium cancer and Gal-3- injection ST6GalNAc-I and Gal-3
bromide (PLA-DDAB) NPs targeting RNA expression levels
dsRNA
Gal-1 Antibody-like polymeric NPs Melanoma Anti-PD-1 Intravenous Remove Gal-1 from 348
x composed of albumin-polymer antibody injection TME and encourage T
hybrid NPs and acid-responsive cell infiltration and T
PEG shell cell-mediated
antitumor immune
activation
Gal-3 Dialdehyde oligomer of citrus TNBC Doxorubicin Intravenous Efficient Gal-3 349
pectin CPDA-based core-shell NPs and sulindac injection targeting and binding,
along with tumor
responsiveness and
synergistic delivery of
doxorubicin and
sulindac
Siglec- ? BPCNeuAc liposomes B-cell Doxorubicin Intravenous Bind and kill 350
2 4 lymphoma injection malignant B cells from
peripheral blood
§ samples
S
Siglec- % Polysialic acid-modified PLGA B-cell Mitoxantrone Intravenous Promote immunogenic 351
2 4 nanocarrier lymphoma injection cell death and anti-

lenge posed by the glyco-code, a complex system that influence
how immune cells identify and respond to tumors. To address
this challenge, a range of inhibitors that target the lectins
responsible for recognizing these glycans is being developed.
Although drug development in overcoming the role of glycan-
lectin networks in immune suppression is on the rise, most of
them are still in the preclinical and clinical trial stages, and
only a small number have received FDA approval for the treat-
ment of cancer patients.

The FDA has authorized the use of two siglec inhibitors
against siglec-2 and -3 for the treatment of cancer patients.
More than 90% of B-cell acute lymphoblastic leukemia (B-ALL)
cells and mature B lymphocytes express siglec-2, making it a
potential target for immunotherapy. Inotuzumab ozogamicin
(Besponsa) is a humanized mAb conjugated to calicheamicin
targeted towards siglec-2, and after binding with Siglec-2, it
gets internalized into lysosomal vesicles. Calicheamicin, being
a highly potent cytotoxic antitumor antibiotic, binds to the
DNA minor groove and cleaves double-strand DNA, further
leading to cell apoptosis.®**3>3

A phase II inotuzumab ozogamicin single agent (ITCC-059)
clinical trial for the activity of inotuzumab ozogamicin in pedi-
atric patients having relapsed/refractory (R/R) B-cell precursor

3480 | Biomater. Sci,, 2025, 13, 3447-3497

tumor immune
responses

acute lymphoblastic leukemia (R/R BCP-ALL) showed that an
overall response rate (ORR) of 81.5% was achieved after the
first cycle and minimal residual disease (MRD) negativity as
the best response was achieved in 81.8% of the responding
subjects. One-year event-free survival (EFS) was found to be
36.7%, while overall survival (OS) was observed to be 55.1%.
These results show that inotuzumab ozogamicin was mostly
well tolerated with a low prevalence of infections occurring
during the treatment; however, sinusoidal obstructive syn-
drome (SOS), occurring in 25% of patients, still remains the
most serious adverse event (AE).>** The INO-Ped-ALL-1 phase I
trial evaluated inotuzumab ozogamicin in pediatric patients
with R/R CD22-positive ALL in Japan. Out of 6 enrolled
patients (median age: 7.5 years), 5 patients achieved complete
remission, among whom 3 were found to be MRD-negative. No
dose-limiting toxicities were observed, but all patients experi-
enced AEs, including an increase in alanine aminotransferase
along with aspartate aminotransferase in 4 individuals. 3 indi-
viduals experienced serious AEs, which included hepatic veno-
occlusive disease (VOD), ALL, and fever. Furthermore, no anti-
drug antibodies were detected against inotuzumab ozogami-
cin. While inotuzumab ozogamicin was found to be well toler-
ated in pediatric R/R ALL, the risk of VOD requires close moni-

This journal is © The Royal Society of Chemistry 2025
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toring in future studies.’”> The INITIAL-1 (NCT03460522), a
phase II trial, evaluated inotuzumab ozogamicin along with
dexamethasone as induction therapy in elderly individuals
(=55 years) having CD22" Philadelphia chromosome-negative
BCP-ALL. Among 43 patients (median age: 64 years), all
achieved complete remission, with 23 (53%) and 30 (71%)
patients being MRD-negative following the second and third
rounds of treatment, respectively. The EFS after a median
follow-up of 2.7 years at 1 and 3 years was 88% and 55%, while
OS was 91% and 73%, respectively. There were no deaths
during the 6 months after the start of the induction. The most
common AEs were leukocytopenia, neutropenia, thrombocyto-
penia, anemia, and elevated liver enzymes having a common
toxicity criteria grade >3 and only one case of nonfatal VOD
after second induction. These results support inotuzumab ozo-
gamicin as a viable and well tolerated first-line option for
older B-ALL patients, resulting in high rates of remission and
08.7%® A phase II (NCT03441061) trial demonstrated that inotu-
zumab ozogamicin is effective in eradicating MRD in CD22-
positive ALL. Among 26 patients (median age: 46 years), 18
(69%) achieved MRD negativity, with 16 (89%) responding
after the first cycle. At 2 years, relapse-free survival (RFS) was
54%, and OS was 60%. The treatment was generally well toler-
ated, though SOS occurred in 8% of patients. This trial shows
that in patients with B-cell ALL who have persistent MRD or
experience MRD recurrence, inotuzumab ozogamicin is a
therapeutic approach that is both safe as well as effective in
abolishing MRD.?*”

Gemtuzumab ozogamicin (Mylotarg) is another humanized
anti-siglec-3 mAb antibody covalently linked to N-acetyl
gamma calicheamicin. Most AML cells and immature cells of
myelomonocytic lineage exhibit siglec-3, to which gemtuzu-
mab ozogamicin binds and upon binding it gets internalized,
with further release of calicheamicin, which intercalates DNA,
and further shows double-strand DNA breaks ultimately
leading to cell death.**® The AAML0531 (NCT01407757) phase
III trial evaluated gemtuzumab ozogamicin in pediatric
KMT2A-rearranged AML. EFS was found to be significantly
superior after treatment with gemtuzumab ozogamicin. While
EFS was 29% in the absence of gemtuzumab ozogamicin, it
increased to 48% with gemtuzumab ozogamicin treatment.
For patients treated with gemtuzumab ozogamicin and who
had complete remission, gemtuzumab ozogamicin was found
to be linked with better 5-year disease-free survival and lower
relapse risk. Furthermore, a lower risk of relapse was linked to
prior gemtuzumab ozogamicin exposure in patients who
underwent hematopoietic stem cell transplant (HSCT). The
results of this trial showed that gemtuzumab ozogamicin is
independently associated with decreased relapse risk,
improved EFS, and disease-free survival (DFS). Based on these
findings, gemtuzumab ozogamicin may be helpful in combi-
nation with chemotherapy, particularly in patients who
undergo HSCT consolidation.*® Another phase IV trial,
NCT03727750, investigated the QT interval, pharmacokinetics,
and safety following fractionated gemtuzumab ozogamicin
dosing in R/R CD33" AML patients. In 50 individuals (median
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age: 67 years), a gemtuzumab ozogamicin fractioned dosage
regimen (3 mg per m”> per dose) was not found to pose any sig-
nificant safety risk to QT interval prolongation. The most fre-
quent grade 3-4 treatment-emergent AEs were thrombocytope-
nia and febrile neutropenia, with no instances of VOD.
Additionally, the best overall response based on complete
response (CR) with incomplete platelet recovery (CRi) was
obtained in 9.8% of patients, with a median OS of
2.8 months.**°

While these drugs are currently available to target specific
siglecs within the TME, they are not completely potent. This
implies that further studies and the development of major
inhibitors of immunosuppressive lectins are necessary to
facilitate an efficient anti-cancer immune response.

Many of the glycan-lectin interaction inhibitors are cur-
rently undergoing clinical trials and hold great promise in the
treatment of cancer patients. By disrupting the glyco-code,
these inhibitors could help to enhance the immune response
to cancer and improve the efficacy of the immunotherapies.

SGN-2FF is a first-in-class and first in-human, oral small-
molecule inhibitor targeting glycoprotein fucosylation in indi-
viduals having advanced solid tumors. The purpose of this
phase 1 study (NCT02952989), which included 46 patients, was
to assess the safety, tolerability, maximum tolerated dose
(MTD), pharmacokinetics (PK), pharmacodynamics (PD), and
antitumor activity of SGN-2FF both as monotherapy and as
combination therapy with pembrolizumab. The trial com-
prised 4 parts: SGN-2FF monotherapy dose-escalation (part A)
and expansion (part B), and SGN-2FF + pembrolizumab dose-
escalation (part C) and expansion (part D). SGN-2FF was admi-
nistered to 32 individuals in part A at doses varying from
1-15 g once daily (QD) and 2-5 g twice daily (b.i.d.). 10 g per
day was found to be the maximum tolerated dose (MTD).
Fatigue, nausea, and diarrhea in grades 1-2 were common
toxicities. However, the study was terminated because 16% of
patients in part A and 14% of patients in part C experienced
thromboembolic events (grades 2-5) during the SGN-2FF lead-
in period. The study showed that there was evidence of phar-
macodynamic target inhibition, as levels of IgG fucosylation
decreased with higher doses of SGN-2FF and longer treatment
periods. Preliminary antitumor activity was observed, includ-
ing one complete response in a patient with advanced HNSCC
and stable disease in 36% of evaluable patients. Notably, an
individual with advanced triple-negative breast cancer experi-
enced a 51% reduction in tumor burden.>**

AMG 330 is a bispecific T cell engager (BiTE®) designed to
target CD33 along with CD3 on T cells, facilitating T cell-
mediated cytotoxicity towards CD33" cells. This first-in-
human, open-label, dose-escalation study evaluated the safety,
pharmacokinetics, and preliminary efficacy of AMG 330 in 77
adult patients with R/R AML, receiving doses from 0.5 pg day "
to 1.6 mg day ™ in 14-day or 28-day cycles. The maximum toler-
ated dose (MTD) was not established, and the most frequently
observed adverse effect was cytokine release syndrome (CRS),
which occurred in 78% of participants, with 10% experiencing
Grade 3/4 CRS. This was effectively managed with stepwise
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AMG 330 dosing, dexamethasone, and early treatment of tocili-
zumab. Out of 60 patients evaluated, 8 achieved complete
remission or were in a morphologic leukemia-free state
(MLFS), while 37% of those who did not respond showed a
reduction of 50% or more in AML blasts. Thus AMG 330 was
considered as promising CD33-targeting therapeutic strategy
for R/R AML.*°* JNJ-67571244 is a CD33 and CD3 bispecific
antibody which was designed to engage CD3 protein on T cells
and target CD33-expressing AML cells to selectively eliminate
cancerous cells. The first-in-human, phase I, dose-escalation/
dose-expansion study aimed to identify the MTD,
ommended phase II dose (RP2D), safety profile, and prelimi-
nary clinical activity of JNJ-67571244. The study enrolled 68
patients who received JNJ-67571244 either intravenously (IV) or
subcutaneously (SC) using a step-up dosing schedule.
However, the study encountered significant challenges with
toxicity, particularly CRS, infusion-related reactions (IRR), and
elevated liver function tests. These AEs limited dose escalation
and prevented reaching the projected exposure level for
efficacy. No patient achieved a significant response, though
some experienced temporary disease burden reductions. The
study was terminated after assessing ten dose-escalation
cohorts and prior to initiating dose-expansion, without deter-
mining the MTD or RP2D.?%

NC318 is a humanized IgG1 mAb that inhibits siglec-15-
mediated immune suppression and prevents tumor growth by
reestablishing anti-tumor immunity in the TME and normaliz-
ing T cell activity.>®® In a Phase 1/2 dose escalation trial
(NCT03665285), an earlier monotherapy study from NextCure
demonstrated single-agent activity of NC318 for patients with
advanced solid tumors. A randomized trial was conducted to
study the efficacy and safety of NC318 alone or in combination
with pembrolizumab. The combined portion of this study was
to assess the efficacy in NSCLC patients who have seen disease
progression  on/after PD-1 axis inhibitor therapy
(NCT04699123). The trial’s key findings show that pembrolizu-
mab and NC318 perform effectively together in advanced PD-1
axis inhibitor-refractory NSCLC. Durable clinical benefit was
reported by 28% of patients (5/18), with three of these
responses being confirmed. Despite six Grade 3 treatment-
related adverse events (TRAEs), including transverse myelitis,
infusion reactions, rash, and pneumonitis, and four Grade 2
TRAEs, including pericarditis, psoriasis, and infusion reac-
tions, the monotherapy and combination arms were well toler-
ated. Seven patients (three Grade 3 and four Grade 2) had infu-
sion reactions to NC318; six received the combination, and
one received solely NC318. There were no further infusion
reactions after NC318’s infusion time was increased from 30 to
60 minutes. Gal-3 can be utilized as a prognostic or diagnostic
biomarker to monitor the progression of a disease or the effec-
tiveness of a treatment. The concentration of the circulating
Gal-3 in the serum of cancer patients has been shown to be
greater compared with healthy persons, and the amount of
Gal-3, which can vary in various malignancies, has been
demonstrated to correlate with tumor growth. GB1211, a small
molecule Gal-3 inhibitor, was developed as part of a new class

rec-
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of galactopyranosides in which non-natural aromatic substitu-
ents are added to the 1- and 3-positions of a-p-galactopyrano-
sides, and its affinity towards Gal-3 is then optimized by
specific interactions such as fluorine-amide, sulphur-r,
phenyl-arginine and halogen bonds. With a significant oral
bioavailability in animals (68% in mice) and a high affinity for
Gal-3 (0.025 + 0.0017 M), GB1211 is now being explored for the
treatment of cancer, particularly NSCLC (NCT05240131). Gal-3
inhibition with the structural counterpart of GB1211, GB1107,
which increases the infiltration and activity of CD8" CTLs
within NSCLC tumors and decreases the number of M2-like
TAMs, provides evidence in favor of this. This reduces tumor
development and metastasis while increasing responsiveness
to anti-PD-L1 treatment. GB1211 also reverses Gal-3-induced
suppression of ICIs, such as pembrolizumab and atezolizu-
mab, by binding to PD-1 and PD-L1. This lowers tumor resis-
tance towards these drugs and restores responsiveness for
ICIs.*®*7%7 Calixarene derivative OTX008 binds to the amphi-
pathic p-sheet structure of Gal-1.>°® Nuclear magnetic reso-
nance (NMR) studies revealed that OTX008 binds Gal-1 in a
region remote from the lectin CRD and works as an allosteric
inhibitor of glycan binding.**® At micromolar concentrations,
OTX008 exhibited anti-proliferative and anti-invasive character-
istics in colon, head and neck, breast, prostate, renal, ovarian,
and lung cancer cell lines.**®*?”° The La Jolla Pharmaceutical
Company developed GCS-100 as a potential inhibitor of Gal-3.
GCS-100 exhibits antitumor action, including the induction of
apoptosis in multiple myeloma cells. GCS-100 stimulates AML
cell apoptosis either by itself or in combination with
BCL-2 homology domain 3 (BH3) mimetics. Intravenous
administration of GCS-100 to patients with chronic lymphocy-
tic leukemia in a phase II clinical study (NCT00514696)
demonstrated that it was well tolerated and that it led to a
more than 50% decrease of lymph node lesions in 16% of
patients and partial remission in 25% of patients. GR-MD-02,
also known as belapectin, is a pectin-derived galactoarabino-
rhamnogalacturonate with mainly p(1-4)-p-galactose and
a(1-4)-1-arabinose side chains developed by Galectin
Therapeutics and has been proposed as a Gal-3 inhibitor.">® A
phase I clinical trial (NCT02575404) on patients with meta-
static melanoma or HNSCC to test the effectiveness of belapec-
tin in combination with pembrolizumab showed belapectin
plus pembrolizumab treatment is safe, linked to improved
clinical outcomes, enhanced T cell activation, and limited
expansion of monocytic MDSCs.*”! A chemically altered galac-
tomannan from the plant Cyamopsis tetragonoloba (Guar
Gum), GM-CT-01, Davanat, has been demonstrated to bind
Gal-3 and increase the effectiveness of the chemotherapy drug
5-fluorouracil in breast and colon cancer models. These results
further led to phase I (NCT00054977) and phase II
(NCT00110721) clinical trials which showed no toxicities and a
46% improvement in survival for CRC patients who took this
treatment combination.'® These strategies of overcoming the
immunosuppressive glycan-lectin circuits are shown in Fig. 9.
For maximum effectiveness, these inhibitors of the immu-
nomodulatory glycan-lectin checkpoints can be used in con-
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Fig. 9 Strategies to inhibit immunosuppressive TMEs and enhance glyconanovaccine efficacy: GNVs are promising immunotherapeutic vaccines for
the treatment of cancer. However, for the success of the GNVs, a highly enhanced CTL response is required but various immunomodulatory mole-
cules present in the immunosuppressive TME can be detrimental to its efficacy. Galectins, siglecs, and altered glycosylation are a few targets that
can be focused upon to increase the CTL response, and here, two approaches have been highlighted: (1) galectin inhibitors and (2) siglec inhibitors.
Various galectins are implicated in suppressing antitumor immunity, and approaches like NPs, peptides, carbohydrates, nucleic acids, and mono-
clonal antibody-based inhibitors can inhibit galectins. (i) The NP-based inhibitors like LacNAc expressing self-assembled nanofibers and CTL-PEG Au
NPs can target Gal-1; (ii) peptide-based inhibitors directly inhibit Gal-1 and -3 by binding to them; (iii) various carbohydrate-based inhibitors, which
bind and inhibit various galectins, are under clinical trials; (iv) nucleic acid-based strategies, such as siRNA-loaded liposomes, inhibit the synthesis of
galectins and DNA aptamers, which inhibit galectins by directly binding to them; (v) anti-Gal antibodies such as F8.G7 and LYT-200 also inhibit
galectins by directly binding to them. In the end, these approaches conclude in increasing the T cell activity by preventing the immunosuppressive
roles of galectins and killing the tumor. In the case of siglec inhibitors, there are different ways, such as anti-siglec-antibody, sialic acid mimetic-
based inhibition, and CAR-T cell therapy, and there are two FDA-approved drug-conjugates through which interaction between the sialic acids and
siglecs can be inhibited. (vi) There are different antibodies like NC318, which targets siglec-15; AMG330/BiTE is a bispecific antibody that targets
CD-3 present in T cells and siglec-3; anti-siglec antibody targets siglec-7 and -9 present on myeloid cells; (vii) in sialic acid mimetic (SAM)-based
inhibition, the liposome is decorated with SAMs that bind to siglec-1, or -7 on the target cells, increasing T-cell activation; (viii) in CAR-T-cell
therapy, anti-siglec-2 CAR-T cell binds to the siglec-2 of the malignant B-cell, further leading to its apoptosis; (ix) Besponsa and Mylotarg are the
two FDA-approved drug-conjugated antibodies targeting siglec-2 and -3, respectively, and upon their binding, they get internalized into the lyso-
somes, where they are cleaved, and the drug is released, which leads to DNA damage leading to cell death. Apart from these targets, various ICs are
also immunosuppressive in nature, which also needs to be blocked by various ICls to increase the efficacy of the GNVs. Using these therapies in
combination can be an effective approach to take full advantage of these therapies to enhance the efficacy of GNVs and CTL responses (created in
BioRender. Jain, M. (2025) https://BioRender.com/e46y897).
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junction with DC-based cancer vaccines such as GNVs. Due to
the immunosuppressive factors offered by glycan-lectin inter-
actions, only a small percentage of patients are benefiting
from immunotherapies, despite their widespread success. A
personalized patient-tailored regimen of immunotherapy and
glycan-lectin checkpoint inhibition may ensure enhanced
efficacy of DC-based vaccination strategies and improved survi-
val rates.

12.

The emergence of glycan-lectin interactions in tumor microen-
vironments as novel immune checkpoints represents a para-
digm shift in the field of cancer biology and cancer immu-
notherapeutics. Aberrant glycosylation and immunomodula-
tory lectins are increasingly being acknowledged as major
factors in altering the anti-cancer immune response, allowing
the tumor to flourish by evading immune surveillance. By
interrupting these immunosuppressive pathways, inhibitors of
these glycan-lectin interactions have the potential to reinvigor-
ate anti-tumor immunity and boost the effectiveness of exist-
ing and developing cancer immunotherapies.*®

Even though a lot of research regarding the aberrant glyco-
sylation of tumors is being done, there is still scope for deeper
exploration of tumor glycosylation patterns and their corres-
ponding receptors expressed in the TME. At present, clinically
approved cancer biomarkers are most effective for patients
with advanced or widespread cancer. Unfortunately, some bio-
markers do not reliably detect cancer in its earlier stages.
There is still a need for individual biomarkers that demon-
strate sufficient sensitivity and specificity for the most
common types of cancer.’”* According to a study, the degree of
glycosylation of serum prostate-specific antigen (PSA) was
measured using an advanced dual-functional aptamer assay.
This was linked to cancer-associated breakage of PSA com-
plexes with serum-circulating proteins, and it demonstrated its
ability to classify primary and metastatic prostate cancer. The
“Glycan Score” of PSA provided a 100% correct assessment of
prostate cancer status in a group of 30 patients. Thus, the
liquid biopsy glycan score biomarker has great promise for
precise prostate cancer diagnosis and staging.’”® Furthermore,
it is necessary to create cell-based high-throughput screening
assays that can accurately identify the glycosylation pattern
and specific biomarkers and drug targets. This is essential for
evaluating the comprehensive impact of glycosylation and
therapy on the cells. For example, high-throughput mass spec-
trometry analysis of the SW480/SW620 shFUT8 CRC cell model
led to new insights into the molecular characteristics of CRC.
This analysis revealed significant alterations in the N-glycome
and proteome of the SW480/SW620 cells following shRNA-
induced knockdown of the FUT8 gene. However, existing
research has not fully addressed the glycomic profile of each
cancer stage, leaving many questions unanswered.’”* Further
detailed research is needed to gain a comprehensive under-
standing of the molecular evolution of different cancer stages.

Future prospects

3484 | Biomater. Sci., 2025, 13, 3447-3497

View Article Online

Biomaterials Science

Specifically, thorough examination of the extensive microheter-
ogeneity of N-glycomes is necessary to gain clearer insight into
how aberrant glycosylation affects tumor progression. The
precise identification of glycosylation signatures and compre-
hensive profiling of evolving glycosylation profiles of tumors
that are specific to the type and stage of cancer can lead to the
development of GNVs tailored to particular cancer types and
stages. This approach can improve effectiveness and stimulate
a specific immune response that aligns with the current
immune landscape by targeting the stage-specific aberrations.
Aberrant glycosylation has emerged as a hallmark of
cancer. This alteration in glycosylation patterns of cell surface
and secreted glycoproteins occurs during malignant trans-
formation and tumor progression. Growing evidence high-
lights glycosylation’s crucial role in all stages of cancer devel-
opment. Therefore, understanding this complex glycosylation
machinery could provide valuable insights for the diagnosis,
prognosis, and treatment of cancer.’”” Artificial intelligence
(AI) offers a robust analysis framework which can be used for
glycosylation analysis, which has been challenging due to the
intricate nature of glycosylation. Several glycosylation-related
resources such as GlyTouCan, SugarBind, GlyCosmos,
GlycoEpitope, Carbohydrate-Active Enzymes Database (CAZy)
and GlycoGene DataBase can be used in computational
models. Thus, AI models can be used in glycomics data ana-
lysis in five fundamental ways: (i) to comprehend glycosylation
phenotypes to predict glycan structure, location site and site
occupancy; (ii) to understand the aberrant glycosylation
machinery for deciphering the pathophysiology of glycan-
linked diseases, (iii) to gain insight into the intricate glycosyla-
tion mechanism by elucidating the mechanisms of glycosyl-
transferases and glycosidases; (iv) to develop glycan-targeted
therapies to counteract the effects of abnormal glycosylation;
and (v) to enhance the performance of the current predictive
model of glycosylation and aid in glycomics data analysis.>”®
Artificial neural networks (ANNs) have been applied for pre-
dicting high-accuracy protein glycosylation. The ANN model
has been proved to accurately predict site-specific distributions
of glycoforms for as many as eighteen glycan species with an
average absolute error of 1.1%. It accurately replicates the
impact of metabolic disruption in a hybrid, kinetic/ANN, glyco-
sylation model (HyGlycoM) and also the impact of manganese
supplementation and glycosyltransferase knockout experi-
ments as a stand-alone machine learning (ML) method.?”” ML
and bioinformatics have been applied to study the function of
glycosylation-related genes in the development and prognosis
of CRC. The integration of these strategies allowed identifying
the most relevant glycosylation-related genes. Moreover, a
strong prognostic risk model was established that successfully
divided patients into high-risk and low-risk categories and this
division also indicated significant survival rate differences and
correlations with immune cell infiltration in the TME.*"®
Moreover, for the elucidation of functional differences in gly-
cosylation patterns in lung adenocarcinoma (LUAD) and to
identify the key genes expressed in relation to glycosylation, a
predictive model based on ANNs was developed.’”® Cellular
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dormancy is associated with a high recurrence rate of LUAD,
which encourages resistance to chemotherapy and evasion of
immune cell destruction. Single-cell RNA sequencing (ScCRNA-
seq) data from LUAD patients were utilized to categorise
dormant and active cells. The density weighted gene co-
expression network analysis and pseudo-time cell trajectory
were used to identify aberrant expression of genes related to
protein O-glycosylation in dormant cells. A risk score model
was created employing the hub genes and gene set variation
analysis and ML which displayed excellent accuracy in predict-
ing LUAD prognosis.*®® LectinOracle is a deep learning model
designed to predict lectin-glycan interactions by combining
transformer-based protein representations with graph convolu-
tional networks for glycans. It demonstrated high accuracy in
cross-validation against experimental data, effectively predict-
ing known lectin binding specificities. The model generalizes
well to new lectins and glycans with qualitative and quantitat-
ive agreement with experimental data, and it can be used in
applications such as lectin classification, lectin-directed evol-
ution, prediction of epidemiological outcomes, and host-
microbe interactions and was further helpful in lectin study
and roles in glycobiology.*®' These studies have demonstrated
the potential of AI and ML, especially through hybrid
approaches, for creating highly effective models of protein gly-
cosylation. The integration of ML with bioinformatics tools
and other techniques has enabled a deeper understanding of
glycosylation-related genes and their patterns and holds great
promise for identifying prognostic and therapeutic targets in
various types of cancer.

Additionally, the development of precise and selective
inhibitors that target siglecs or galectins has potential for
attaining therapeutic effectiveness while maintaining normal
immune function. One of the primary challenges with inhibi-
tory compounds is avoiding off-target effects, which prevents
them from targeting other biological molecules or even other
members of the same family. Understanding the complex dis-
tinctions in the target molecule’s structures and ligand
binding specificity can help build high-specificity inhibitors.
The clinical use of galectin inhibitors faces several challenges.
Key issues include the need for specificity to avoid off-target
effects, the development of degradation-resistant inhibitors
with selective biodistribution, and the design of inhibitors
that can withstand the evolving immunosuppressive tumor
glycome. Additionally, creating inhibitors that precisely target
relevant pathological roles without negatively impacting
normal functions is a significant challenge that must be
addressed for the effective translation of these inhibitors into
reliable cancer therapies.*®* For instance, the lack of selectivity
and structural diversity of MCP still limits its usage as an anti-
cancer drug. Despite the fact that MCPs have a shown affinity
for Gal-3, there is little to no knowledge about their selectivity
against other lectins."®® More research is needed to evaluate
the affinity of MCPs and other inhibitors in cancer-related pro-
cesses to fully comprehend the molecular mechanisms of
action of these compounds. Addressing this challenge, and
incorporating highly specific inhibitors into the GNVs, can
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enhance their targeting to APCs and can reprogram the micro-
environment from pro-tumor to anti-tumor, ultimately leading
to enhanced T cell cytotoxicity, enhancing the overall efficacy
of the GNVs.

A further unanswered question is if there is a particular
immune response that would benefit most from targeting
immunomodulatory receptors like siglecs and galectins. This
may influence the choice of combination therapy which can
offer a solid foundation for the treatment of cancer, going
beyond the use of a single modality. The interaction between
sialic acid and siglec has been demonstrated to influence the
effector functions of DCs by affecting their maturation, XPT,
and ability to prime T cells.>'* It has been shown that coex-
pression of PD-1 and TIM-3 on T cells results in their
exhausted state. PD-1 interacts with the TIM-3 ligand Gal-9,
which decreases TIM-3/Gal-9-induced T cell death, thereby
enabling the exhausted T cells to survive.*®® Therefore, it can
be advantageous to combine siglec or galectin inhibitors with
T cell-, DC-, or XPT-based therapies to convert a cold tumor to
hot tumor. This way the combination strategy has the power to
fully harness the therapeutic potential of GNVs to increase
their efficacy and improve outcomes for a wider spectrum of
patients.

Finally, it remains a question of what is the most efficient
approach to target immunomodulatory receptors. Will block-
ing the binding receptors be more beneficial, or will blocking
their ligands be more successful? Will completely inhibiting
their synthesis have any effect on the cancer hallmarks? For
instance, a phase 2 trial is currently testing the efficacy of a
siglec-15-blocking antibody (NCT04699123), while siglec-7 and
-9 blocking antibodies are in preclinical development.®* A
study has shown that complete tumor desialylation unexpect-
edly led to a significant increase in in vivo colorectal cancer
tumor growth.>®> Additionally, different types of galectin
inhibitor, such as carbohydrate, peptide, and nanoparticle-
based inhibitors, are being created as anti-cancer drugs.'*®
Furthermore, nucleic acid-based galectin inhibitors that
inhibit galectin synthesis are also in the pre-clinical stage.*®
This suggests that further research is needed to fully compre-
hend the overall effects of different inhibitory strategies in
order to determine the most suitable approach in specific con-
texts. It is important to understand the effects of combining
various therapeutic strategies before implementing them from
bench to bed. By understanding this, personalized GNVs co-
delivering various ligands, inhibitors and adjuvants can be
developed personalized to the specific tumor microenviron-
ments to ensure the desired immune response avoiding any
adverse side effects.

13. Conclusion

GNVs hold a revolutionary potential in the cancer immu-
notherapy landscape. Though there are several new strategies
being developed for cancer treatment, GNVs can be viewed as
the next-generation cancer vaccine in the coming era of immu-
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notherapeutics. One of the key reasons is that GNVs substan-
tially improve CTL-mediated immunity, most notably by facili-
tating XPT of the TAAs by APCs boosting the anti-cancer
immune response. With the goal of significantly amplifying
the efficacy of GNVs, blocking different immunosuppressive
elements and signals in the TME has great promise. Galectins
and siglecs, which are often expressed in immunosuppressive
TMEs, along with aberrant glycosylation profiles of the
tumors, as discussed in this review, are the major targets that
should be looked upon to harness the complete efficacy of the
GNVs. Blocking various ICs, such as CTLA-4, PD-1, PD-L1, etc.,
can also significantly help in enhanced efficacy of the GNVs.
By focusing on these targets, a robust CTL response can be
achieved, which is quintessential for the success of the GNVs.

Taking these together, a combination therapy approach
with GNVs, galectin and siglec inhibitors, and ICIs represents
a promising frontier in cancer immunotherapy and warrants
further investigation to address the clinical outcome of these
combinations in inducing robust anti-cancer immune
responses. Such cancer immunotherapy has the potential to
transform cancer treatment by offering highly personalized
and tailored treatment to each patient.
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