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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).
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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

Biomater. Sci, 2025, 13, 3447-3497 | 3449


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 kvtna 2025. Downloaded on 27.11.2025 22:21:54.

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

(cc)

View Article Online

Review Biomaterials Science

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

3460 | Biomater. Sci, 2025, 13, 3447-3497

View Article Online

Biomaterials Science
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
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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
cell