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ABSTRACT

The tumour microenvironment (TME) comprises a complex interplay of tumour cells, nonmalignant cells (including endothelial,
immune, and stromal cells), and secreted factors within the extracellular matrix (ECM). Immunosuppression within the TME
significantly hinders the efficacy of cancer immunotherapies. Stromal-rich TMEs, characterised by an abundance of mesenchymal
stromal cells (MSCs) and cancer-associated fibroblasts (CAFs), are particularly immunosuppressive and associated with poor
responses to conventional and immune-based therapies. Glycans, carbohydrate structures on cell surfaces, are dynamically
regulated during tumourigenesis and mediate crucial cell-cell communications through receptor-ligand interactions. Sialylation,
the addition of sialic acids to glycans, forms sialoglycans that can engage inhibitory Siglec receptors expressed on immune cells
and promote immunosuppressive signalling. Emerging evidence implicates aberrant sialylation in the TME as a key driver of
immunosuppression. More recently, sialylation of stromal cells in the TME has been shown to suppress anti-tumor immunity. This
review explores the role of sialylation within stromal-rich, immunosuppressive TMEs, focusing on how specific sialic acid/Siglec
interactions dictate innate and adaptive immune responses. We discuss the potential of targeting glycoimmune checkpoints to
overcome stromal-mediated resistance and enhance anti-tumour immunity.

1 | Introduction suppressive TMEs. The cancer-immunity cycle has been updated

to reflect the complexities of the TME, including the effects of
Immunotherapeutics have revolutionised the treatment of cancer stroma and sialylation on anti-tumour immune response [1].
in recent years. A major barrier to their efficacy are immuno- The stromal compartment of the TME is highly heterogeneous,
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consisting of non-malignant, non-haematopoietic cells including
mesenchymal stromal cells (MSCs), cancer-associated fibroblasts
(CAFs), endothelial cells, pericytes and adipocytes [2-4]. In
stromal-rich tumours, MSCs and CAFs mediate ECM deposition,
therapeutic resistance and immunosuppression [5-9]. Stromal
signatures are associated with poor response to chemotherapy
and low relapse-free survival rates in many cancers [10-12].
Understanding the mechanisms of stromal-mediated immuno-
suppression is crucial to the development of innovative strategies
to increase the efficacy of immunotherapies in stromal-rich
tumours, such as colorectal cancer, pancreatic, lung and ovarian
cancer.

The cancer “glyco-code” refers to aberrant post-translational
modifications (PTMs) that instruct core biological processes and
progression in cancer [13]. Aberrant glycosylation in the TME
is associated with many of the hallmarks of cancer, including
resistance to therapy and immune evasion [14, 15]. Sialylation
is a process where sialic acids are attached to glycan chains
via glycosidic bonds, creating sialoglycans on glycoproteins and
gangliosides on glycolipids [16-18]. These glycans play both a
structural role (glycocalyx) and an informational role (glyco-
code) in cancer [19]. Sialoglycans, through their negative charge,
regulate cell-cell interactions, ECM interactions, drug resistance
and immunosuppression in the TME. However, knowledge on
the biological consequences of altered sialylation in the TME is
limited [20]. Here, we review sialylation as a mediator of stromal-
immune interactions and a novel target of immunosuppression
in the TME.

PTMs of proteins and lipids add another layer of complexity to
TME interactions and can dramatically alter cellular function.
Aberrant glycosylation, the enzymatic addition of carbohydrate
structures (glycans) to biomolecules, represents a hallmark of
cancer, often referred to as the cancer “glyco-code” [13]. These
altered glycan structures on cancer cells and within the TME
are deeply implicated in core biological processes underpinning
cancer progression, including sustained proliferation, invasion,
metastasis, angiogenesis, resistance to therapy, and, importantly,
immune evasion [14, 15]. There is also an increasing apprecia-
tion for the potential impact of PTMs in immune checkpoint
signalling in the TME [21, 22].

2 | Sialylation: The Tumour Glyco-Code

Sialic acids are negatively charged nine-carbon sugars, typically
added to glycoproteins and glycolipids (forming sialoglycans and
gangliosides, respectively) by enzymes called sialyltransferases.
On the other hand, neuraminidases cleave or remove these sialic
acids, and the balance of activity of sialyltransferases and neu-
raminidases determines the overall level of sialic acid [23]. The
resulting dense layer of sialylated molecules on the cell surface,
part of the glycocalyx, plays crucial roles in mediating cell-cell and
cell-ECM interactions [19]. Beyond structural roles, sialoglycans
act as key signalling molecules, regulating cellular commu-
nication and immune responses. Specifically, sialic acids can
serve as ligands for Siglecs (sialic acid-binding immunoglobulin-
type lectins), a family of receptors expressed predominantly on
immune cells. Engagement of inhibitory Siglecs by sialoglycans
typically dampens immune cell activation, representing a crit-

ical mechanism of immune regulation and self-tolerance that
can be hijacked by cancer cells. Hypersialylation is frequently
observed in cancer and is associated with immunologically “cold”
tumours, characterised by poor immune infiltration, resistance to
anti-cancer therapies, and disease progression [24-27].

Emerging studies have highlighted sialylation as a mediator of
stromal cell immunosuppression in the TME [28, 29], although
this area remains largely unexplored compared to our under-
standing of the impact of cancer cell sialylation on immune
evasion. In this review, we highlight emerging evidence and con-
textualise sialylation as a mediator of stromal-induced immuno-
suppression in the TME. We explore sialic acid modifications
in tumour stromal components, focusing on CAFs and the
modulation of immune cell function via the Siglec/sialic acid
axis. Signalling through the Siglec/sialic acid axis can facilitate
immune escape and hinder effective anti-tumour responses.
Understanding sialylation-dependent stromal-immune interac-
tions may unveil novel therapeutic avenues targeting the glyco-
immune checkpoints within the TME.

3 | Sialylation as a Hallmark of Cancer

There is a growing body of evidence highlighting the functional
impact of aberrant glycosylation in cancer [30, 31]; however, the
specific contribution of sialylation to the individual hallmarks
of cancer is only beginning to be understood. In Figure 1, we
summarise and contextualise current evidence that sialylation
impacts multiple hallmarks of cancer [32], including avoiding
immune destruction, tumour-promoting inflammation, enabling
replicative immortality, resisting cell death, activating invasion
and metastasis and inducing angiogenesis.

Cancer cells have a dense glycan shield (glycocalyx) rich in sialic
acids that shields tumour cells from immune recognition by
cytotoxic CD8+ T cells and natural killer (NK) cells, aiding the
escape of cancer cells from immune recognition and clearance
[33]. Sialylation plays a role in resisting cell death through
sialylation of apoptosis-regulating proteins, such as integrins, to
enhance cancer cell survival [34]. Sialylation of death receptors
such as Fas, mediated by sialyltransferase ST6Gall, can inhibit
Fas-mediated apoptosis, promoting cell death resistance [35].
Sialylation impacts replicative immortality, playing a crucial
role in maintaining stem-like properties integral to replicative
immortality in cancer stem cells (CSCs). CSC markers include
the glycoprotein CD44 which, when bound, promotes cell prolif-
eration and resistance to cellular senescence. Interestingly, CD44
has been recently identified as a ligand for Siglec-15 [36]. Vascular
endothelial growth factor receptor (VEGFR), a key player in the
promotion of angiogenesis, has been shown to be hyperactivated
when hypersialylated [37]. Sialylation shapes tumour-promoting
inflammation through sialylation of immune receptors such as
toll-like receptors (TLRs), which dampens their capacity for
inflammatory signalling pathways [38]. Tumours, including CRC,
have been shown to overexpress Sialyl-Lewis antigens, which
are key drivers of metastasis, through enhanced endothelial cell
interactions during vascular extravasation and detachment of
primary tumour cells. Increased tumour-endothelial cell adhe-
sion through selectin ligand binding enhanced migration and
invasion [39-44]. These known sialic acid-dependent functional
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FIGURE 1 | Sialylation and the hallmarks of cancer in the tumour microenvironment. Hanahan and Weinberg’s Hallmarks of Cancer provides
a framework overview of the characteristics of human tumours [32, 104]. Emerging evidence indicates that sialylation is associated with many of the

hallmarks of cancer that promote tumorigenesis in the complex tumour microenvironment, including avoiding immune destruction, tumour-promoting

inflammation, enabling replicative immortality, resisting cell death, activating invasion and metastasis and inducing angiogenesis.

mechanisms highlight the fact that hypersialylation is an increas-
ingly important target in the TME and may impact multiple
mechanisms of tumour development and progression.

4 | The Siglec/Sialic Acid Axis: An Immune
Checkpoint

Sialylation plays an important role in determining self- versus
non-self-entities in the body and tightly regulates immune acti-
vation through Siglec receptor engagement [45]. Siglec receptors
are expressed on a wide range of immune cells. Human and
mouse Siglecs may be divided into conserved and CD33-related
Siglecs. There are fourteen active human Siglecs expressed on
immune cells, the majority of which are inhibitory receptors
[38]. Conserved Siglecs include Siglec-1, -2, -4 and -15, while
human CD33-related Siglecs include Siglec-3, -5, -6, -7, -8, -9, -
10, -11, -14 and -16. Mouse CD33-related Siglecs include Siglec-3
and the orthologues Siglec -E, -F, -G and -H. Inhibitory Siglec
receptors possess an intracellular immunoreceptor tyrosine-
based inhibitory motif (ITIM) domain. [38]. Upon sialoglycan
ligand binding, ITIMs recruit SHP-1/-2 phosphatases, which are
responsible for downstream phosphorylation of key signalling
intermediates involved in immune cell activation, dampening
cell signalling pathways such as NF-kB, ultimately reducing
immune cell cytotoxicity, cytokine release and immune synapse
formation [45]. This mechanism mediates T and B cell receptor
signalling, NK cell activation and macrophage inflammatory
signalling, resulting overall in a downregulation of immune

activation [16, 46]. The process by which sialic acids are gen-
erated and regulated in cells and the role of sialic acids in
human health and disease have been recently described in
detail by Zhu et al. [47]. The Siglec/sialic acid interaction is
exploited by cancer cells that exhibit elevated levels of sialyla-
tion. Tumour sialylation correlates with distinct immune cell
populations (e.g. regulatory T cells (Tregs) and tumour-associated
macrophages (TAMs)), immune cell states (suppressed antigen
presentation and T cell responses) and reduced survival in human
cancers [48].

The engagement of inhibitory Siglecs by tumour-associated sialo-
glycans can suppress immune cell effector functions, such as the
cytotoxic activity of NK cells [49] and CD8+ T cells, inhibit
phagocytosis by macrophages, impair antigen presentation by
dendritic cells [50, 51], and modulate B cell responses. The
sialic acid/Siglec axis functions analogously to well-established
immune checkpoints like the PD-1/PD-L1 axis to promote tumour
immune escape [7, 52, 53]. Targeting this axis, either by blocking
Siglec receptors or removing sialic acid ligands, is therefore
emerging as a promising strategy in cancer immunotherapy to
restore anti-tumour immunity. ALO09 (Alector), a Siglec-7 antag-
onist monoclonal antibody, is in the early (pre-clinical/phase
1) stage of clinical development for treating advanced solid
tumours. E-602 (Palleon Pharmaceuticals), a sialidase-based
enzyme therapy to remove sialic acids from tumour cells, is
in phase 1/2 clinical trials (NCT05061590) to treat advanced
solid tumours, including breast and pancreatic cancers, both
alone and in combination with a PD-1 mAb. As these therapies
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progress through clinical trials, they have the potential to become
key targets to enhance immune infiltration and activation in
immune-excluded, therapy-resistant tumours. Sialic acid impacts
many tumour characteristics, with perhaps the most important
being immune regulation [15, 54]. Hypersialylation of tumour
antigens has been shown to regulate NX cell function in a Siglec-
7-dependent manner in both breast cancer (BC) and multiple
myeloma (MM) [20, 49]. It has been demonstrated that sialogly-
cans in the BC TME recruit NK cell inhibitory Siglec receptors
to the immune synapse and reduce NK cell activation via the
NKG2D receptor in a BC model [20]. Targeting sialoglycans on
HER2+ breast cancer cells abolished Siglec ligands, increased
activating NKG2D interactions and yielded increased NK cell
cytotoxicity [20].

Targeting sialylation in cancer models has shown therapeutic
efficacy and improved anti-tumour immune responses. A study
by Stanczak et al. [48] showed that targeted removal of Siglec
ligands in the tumour microenvironment, using an antibody-
sialidase conjugate, enhanced adaptive antitumor immunity and
halted tumour progression in several murine models. They
identified Siglec-E signalling on TAMs as one of the mechanisms
of immunosuppression, and when targeted, they enhanced the
efficacy of immune checkpoint blockade. In another study,
targeting sialic acid using a sialyltransferase inhibitor in of breast
cancer cells increased antibody-dependent cellular phagocytosis
(ADCP) by macrophages [50]. Cao et al. [55] showed in an in vitro
model of ovarian cancer that knockdown of ST3Gal3 inhibited
metastasis and repolarised TAMs from an anti-inflammatory to a
pro-inflammatory, anti-tumour phenotype. Many recent studies
have highlighted the role of Siglec-10 in immune modulation in
cancer; however, the crystal structure of Siglec-10 has not yet been
experimentally resolved. This highlights the potential for novel
glyco-immune checkpoint discovery as this information becomes
available.

A study from Lv et al. [51] uncovered Siglec-10 as a driver
of macrophage-mediated immunosuppression in gastric cancer
(GC). Targeting Siglec-10+ macrophages in GC through Siglec-
10 blocking enhanced anti-tumour immunity and synergistically
improved response to anti-PD-1 immunotherapy in ex vivo
tumour models. Wieboldt et al. [56] showed that overexpression
of sialoglycans led to myeloid-derived suppressor cells (MDSCs)
overexpression of Siglec-9 in lung cancer, which was directly
linked to the secretion of CCL2, which in turn contributed to
T cell suppression. Dual-targeting of mouse Siglec-E and PD-L1
in vivo sustained anti-tumour immune response and prevented
tumour progression [48]. Combination therapies targeting the
Siglec/sialic acid axis and actively recruiting cytotoxic immune
cells may be the key to improving outcomes in poor response
tumours. Sialylation of the Fc domain of IgG antibodies has been
shown to impair complement-dependent cytotoxicity (CDC),
limiting pro-inflammatory IgG effector functions [57]. Similarly,
targeting ST3Gall-mediated upregulation of CD55 sialylation was
shown to increase CDC of breast cancer cells and enhance
sensitivity to ADCC [58]. These studies confirm that upreg-
ulation of sialoglycans in the TME represents a promising
target for novel dual-targeting immunotherapeutic approaches
to enhance anti-cancer immunity across different cancer types.
Further knowledge on the effects of inflammation, hypoxia and
metabolic changes in the TME are needed to design and tailor

effective therapeutic strategies targeting the sialic acid/Siglec
axis.

Sialylation has been recently identified as a driver of immuno-
suppression in stromal-rich cancer. We review evidence for
hypersialylation in stromal-rich cancers and propose strategies
for targeting stromal cell sialylation to overcome immunosup-
pression and therapeutic resistance.

5 | Sialylation of CAFs: A Key Driver of
Immunosuppression

The immunological hallmarks of stromal cells have been
acknowledged and described in detail in recent years [4]. Stromal
cells, including MSCs and CAFs, are orchestrators of immuno-
suppression in the TME (Figure 2) [59]. Multiple transcriptional
subtypes of stromal cells and CAFs co-exist in the TME, including
inflammatory CAFs (iCAFs), antigen-presenting CAFs (apCAFs)
and myofibroblastic CAFs (myCAFs) and their characterisation
has been recently reviewed [60-62]. Stromal cells in the TME
express inhibitory ligands [6, 7, 53], secrete cytokines, chemokines
and lipids that both induce apoptosis of T cells but also sup-
press innate and adaptive immune cells [4]. While tumour cell
sialylation is well-studied, recent evidence strongly suggests that
sialylation on stromal cells, particularly CAFs, is a critical, and
perhaps dominant, driver of immunosuppression in stromal-
rich cancers [28, 29, 63]. We showed for the first time that
CRC CAFs modulate CD8+ T cell activity via the Siglec/sialic
acid axis [29]. This was followed by observations by Boelaars
et al. [28], who showed that hypersialylation of pancreatic
ductal adenocarcinoma (PDAC) CAFs contribute to myeloid
cell suppression, inducing TAM polarisation and suppressing
anti-tumour immune response. More recently, we showed that
CRC-derived CAFs express Siglec-10 ligands that impact NK
cell anti-tumour function, which we propose is likely through
engagement with Siglec-10/G [63]. PDAC and CRC CAFs express
higher levels of sialoglycans than cancer cells and can induce
Siglec receptor expression on immune cells, suggesting that
stromal cells can enhance Siglec receptor immunosuppressive
signalling through enhanced ligand and receptor expression in
the TME. A recent study from Jiang et al. [64] investigated
dysregulated sialylation profiles in GC, highlighting that sialic
acid metabolism is upregulated in the stromal-rich subtype of
GC. The identity of the stromal sialoglycans in these cancers,
however, remains elusive. While several CAF markers such as
fibroblast activation protein (FAP), CD105 and MUCI have well-
characterised functional roles influenced by PTMs, the impact
of glycosylation and sialylation on many other CAF markers
remains underexplored. Addressing the knowledge gap in our
understanding of the functional impact of glycan modification on
CAFs in the TME will be critical to uncover novel therapeutic tar-
gets to modulate stromal-immune interactions in cancer. These
findings highlight stromal cell sialylation as an emerging, critical
mechanism of tumour immune escape, of both the adaptive and
innate immune compartments, with further mechanistic studies
required to fully elucidate the therapeutic potential of targeting
CAF glyco-immune checkpoints.

Hypersialylation of f1 integrins mediated by ST6Gall has been
shown to increase cell migration and invasion in in vitro models of
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FIGURE 2 | The stromal-rich tumour microenvironment is associated with immunosuppression. Stromal cells in the TME, including both

MSCs and CAFs, act as a protective barrier for tumour cells, surrounding the tumour epithelium, and can impact immune infiltration into

the tumour. Multiple CAF subsets, including but not limited to myCAFs, apCAF and iCAFs can orchestrate immunosuppression by multiple

mechanisms. iCAFs are associated with cytokine and chemokine secretion, such as TNF-a and IL-6, which inhibit immune cell activation, such
as NK cells via NKG2D receptor engagement [105]. CAFs have been shown to express PD-L1 and PD-L2 that suppress T cell and macrophage
functions [6, 7, 53]. myCAFs are associated with TGF-§ signalling and ECM components such as proteoglycans that contribute to mechanical

stiffness in the TME, inhibiting drug and immune cell infiltration and are associated with resistance to immunotherapy. Breast cancer and CRC
CAFs have been shown to express NECTIN2 [60], a DNAM-1 ligand that can be sialylated [106] and can act as a decoy receptor for NK cells
[105]. Evidence for sialylation-mediated CAF immunosuppression includes elevated expression of surface sialoglycans and PD-L1 expression in
CRC [7, 53] and PDAC, resulting in modulation of T cell, NK cell and macrophage anti-tumour functions [28, 29, 63]. Investigating the post-

translational modification of CAF markers, including sialic acid profiles of CAF markers, will be essential in developing CAF sialic acid-targeting

therapies.

the TME [65]. Interestingly, 81 integrin is considered a marker for
a tumour-specific CAF subtype, S4-CAFs [66]. 1 integrins on S4-
CAFs may be hypersialylated, interacting with immune cell Siglec
receptors and promoting CAF-mediated immunosuppression in
cancer. Investigating the 1 integrin sialylation profile of CAFs
will be essential to confirm this mechanism. Additionally, sialy-
lation of epidermal growth factor receptor (EGFR) by ST6Gall
induces resistance to the EGFR-targeting inhibitor gefitinib
[42]. These findings strongly suggest a critical role for ST6Gall
in the generation of hypersialylated receptors on CAFs that
could modulate response to ligands and initiate pro-tumorigenic
signalling, contributing to cancer progression and therapeutic
resistance. As fibroblasts have essential functions throughout the
body, it will be imperative to target CAFs specifically to reduce
off-target effects in cancer treatment. Mechanistically, it may be
important to understand the influence of hypersialylation on
the functions of specific CAF glycoproteins and/or glycolipids.
Table 1 summarises the sialylation profile of CAF markers and
their association with different cancers.

6 | Therapeutic Targeting of CAF Sialylation in
Cancer

Therapeutic targeting of novel glyco-immune checkpoints in the
stromal-rich TME has the potential to enhance an immunolog-
ically “hot” microenvironment, thereby improving anti-cancer
immunity and response to immunotherapies in immunosuppres-
sive tumours.

In the TME, it is evident that the sialic acid/Siglec axis controls
multiple anti-tumour immune effector cells, including cytotoxic
T cells, macrophages, dendritic cells and NK cells [16]. Given
the crucial role of stromal sialylation in mediating immuno-
suppression, targeting this modification represents a promising
strategy to enhance the function of many immune effector cells
and promote anti-tumour immunity, particularly in resistant,
stromal-rich cancers. Sialic acids can be targeted at multiple
levels, including blocking Siglec receptor-ligand interactions,
enzymatically removing sialic acids from glycans, or inhibiting
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TABLE 1

| CAF biomarkers and potential for sialylation. These are characterised as established (strong experimental evidence of a functional impact

of sialylation), early/preliminary evidence (indirectly linked to sialylation) and unknown (no evidence is available, or glycosylation status is unknown).

Marker CAF subset Cancer Evidence for PTMs Impact of PTMs References
Fibroblast myCAFs, CAF-S1, Stromal-rich cancers  FAP expression by CAFs Established [33, 67, 68]
activation protein matrix- including breast, has been shown to be
(FAP) remodelling CAFs, colorectal, lung, N-linked glycosylated,
iCAFs pancreatic, ovarian contributing to tumour
progression by
remodelling ECM
Wnt family member iCAFs OSCC and CRC Modified by N-linked Preliminary [31, 69, 70]
2 protein (Wnt2) glycosylation which evidence
affects interactions with
cell surface receptors.
WNT-2 is overexpressed
in cancers promoting
tumour growth,
angiogenesis and
metastasis
Leucine rich repeat LRRC15+ CAFs Sarcoma, LRRC15 is an extracellular Unknown [71-73]
containing 15 glioblastoma, glycoprotein mediating
(LRRC15) melanoma the interactions between
stroma, ECM and tumour
in the TME
Cluster of iCAFs, MSC-CAFs Hepatocellular The adenosine-producing Established [74-76]
differentiation 73 carcinoma (HCC) function of CD73 is
(CD73) compromised in HCC due
to aberrant N-linked
glycosylation
Protein S100-A4 Migratory CAFs Breast, colorectal, Involved in metastasis, Preliminary [77, 78]
(FSP1) pancreatic, gastric inflammation and evidence
migration. The
glycosylation status of
S100 proteins influences
stability and secretion
Platelet-derived PDGFRa+ CAFs, Glioblastoma (GBM) ST6GALIl-mediated Established [79-81]
growth factor PDGFRj+ CAFs sialylation of PDGFRS
(PDGFRa/p) increases glioblastoma
growth
Podoplanin (PDPN) iCAFs Squamous cell PDPN is a mucin-type Preliminary [82-84]
carcinoma, glioma, glycoprotein that plays a evidence
cervical cancer, significant role in the
pancreatic cancer TME such as immune
interactions and EMT
Vimentin MSC-CAFs Breast, colorectal, Aberrant sialylation of Preliminary [23, 85, 86]
lung, prostate, vimentin has been linked evidence
pancreatic to enhanced invasiveness
and metastasis
Integrin 51 (CD29) MSC-CAFs/matrix Breast cancer Integrin 1 is a2,6 Preliminary [87, 88]
remodelling-CAFs sialylated in MDA-MB-213 evidence
breast cancer cells
Mucin-1 (MUC-1) Secretory CAFs Colorectal, brain, MUCTI is a highly Established [89-91]
metastatic breast glycosylated, known
cancer Siglec 9 ligand
(Continues)
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TABLE 1 | (Continued)

Marker CAF subset Cancer Evidence for PTMs Impact of PTMs References
CD43 myCAFs, iCAFs AML Sialylation of CD43 is Preliminary [92]
specific to cancers evidence
demonstrating
immunotherapeutic
potential
CD105 CD105+ CAFs Breast, lung, Sialylation of CD105 plays Established [93-95]
colorectal, ovarian,  arole in angiogenesis and
HCC, pancreatic tumour progression.
CD105 is a co-receptor for
TGF-f and is upregulated
in many cancers
Endol80 Matrix Breast, colorectal, ECM remodelling and Unknown [5,96]
remodelling CAFs, lung, head and neck, invasion
myCAFs melanoma
Netrin G1(NTNG1)  Neurogenic CAFs PDAC, lung, NetGl is a glutamatergic Unknown [97]
colorectal pre-synaptic protein.

NetG1 expression
correlates with poor
prognosis in PDAC.

NetGl+ CAFs are

immunosuppressive and
inhibit NK cell function

their biosynthesis [98]. As Siglec-sialic acid interactions func-
tion as immune checkpoints, disrupting these pathways has
garnered attention in recent years (Figure 3). Although not
yet approved clinically, the emerging area of glyco-immune
checkpoint inhibitors has some exciting, novel strategies making
their way through pre-clinical and clinical development. These
strategies have already shown anti-tumour effiacacy in multiple
models and cancer types and therefore hold great promise for the
field of cancer immunotherapeutics.

Anti-Siglec ligand antibodies block the interaction of sialoglycans
with Siglec receptors, inhibiting immune suppression. As well
as direct targeting of Siglec receptors as tumour antigens [99],
mAbs may be conjugated with sialidase to cleave sialic acids to
activate anti-tumour immune cells. In a breast cancer model, a
HER2-targeting mAb, trastuzumab, was tagged with sialidase,
which increased cancer cell killing [100]. Sialic acid depletion,
possibly through the use of sialyltransferase inhibitors or sial-
idases, has been shown to increase antibody-drug conjugate
(ADC) delivery and killing of cancer cells [101]. ADCs have
been successful in the clinic, with many FDA-approved therapies
for various cancers, including breast cancer and lymphoma
[102]. Antibody-conjugated nanoparticles (ACNPs), coated in
monoclonal antibodies specific to a tumour or stromal antigen
with a drug cargo that can be released upon binding, are emerging
advances in ADCs. This is a highly specific technology, delivering
the drug, including sialidase or sialyltransferase inhibitor, directly
to the tumour site, negating the potential for off-target toxicity.
To overcome poor response to immunotherapies, researchers
have devised combination strategies, incorporating high-level
immunotherapy engineering such as bispecific T cell engager

(BIiTE) therapy and, more recently, dual-targeting engineered
CAR-T cell therapies [103]. Combining sialidase-targeting of
tumours with immunotherapy has been shown to increase
therapeutic efficacy. Wu et al. [21] showed that desialylation of
cancer cells enhanced CAR-macrophage (CAR-iMac) infiltration
and subsequently prolonged survival in tumour-bearing mice
in vivo. Xiao et al. [27] recently showed that targeting the
desmoplastic stroma of PDAC using a FAP-CAR-T cell approach
increased cytotoxic T cell and NK cell infiltration, and enhanced
response to PD-1 immunotherapy. These studies highlight the
therapeutic potential of novel targeting techniques to modulate
the tumour and stromal compartments of the TME. Another
exciting approach to targeting the Sialic Acid/Siglec axis are
the development of antibody-lectin chimeras (Ablecs). Ablecs
are bispecific antibody-like molecules with a cell-targeting anti-
body domain and a lectin ‘decoy receptor’ domain that can
target glycans and prevent signalling following enagagement
with inhibitory receptors. Stark et al. recently demonstrated that
Ablecs can potentiate macrophage phagocytosis and cytotoxicity
and enhance their anti-tumour effector mechanisms and can
synergise with immune checkpoint blockade in multiple cancer
models [107]. These approaches may be utilised to selectively
identify stromal cells by targeting CAF/stromal-specfic antigens,
such as FAP, LRRC15 and others known CAF targets. Targeting
stromal cell sialylation represents a novel and underexplored
approach to overcoming immunosuppression in stromal-rich
tumours and has the potential to enhance immunotherapeutic
efficacy in desmoplastic tumours. Novel therapeutic strategies
that disrupt the physical stromal barrier and target the tumour
glyco-code offer a promising novel mechanism of tumour-
targeting in resistant cancers.
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Siglec-based decoy
receptor

Anti-Siglec/Siglec
ligand antibody

Soluble Siglec receptor protein binds to
Siglec ligands, blocking the interaction
with immune cell Siglec receptors

Antibody-sialidase
conjugate

I I

I

mADb targeting
sialoglycan/Siglecs in the TME

mAbs recognize and bind TME
antigen, sialidase is released that
cleaves cell surface sialic acid

Targeted Nanoparticles CAR-T cell therapy

Soluble glycosyltransferase

o O

O

CAR-T cells targeting tumour
antigens/Siglec ligands expressing
sialidase that can cleave cell
surface sialic acid

Glycosyltransferases in circulation can
use nucleotide-derived sugars from
platelets to alter/ destroy Siglec
binding sites

Nanoparticles containing 3Fax5Ac are

coated in mAbs specific to TME. Once

bound, nanoparticles release 3Fax5Ac,
inhibiting sialic acid generation

FIGURE 3 | Approaches to target the sialic acid/Siglec axis in cancer. Novel targeting approaches for the Sialic acid/Siglec axis aim to target
Siglecs and Siglec ligands as tumour antigens, but also as a target to reverse immunosuppression and reactivate anti-tumour effector cells. These
approaches include monoclonal antibodies (mAbs), antibody-drug conjugates (ADCs), small molecule inhibitors, decoy receptors (including Antibody-
lectin chimeras -Ablecs), nanoparticles and chimeric antigen receptor T cell (CAR-T) therapy. Identification of specific Siglec ligands in various TMEs
will enable more precise approaches. There have been multiple examples of the effectiveness of these therapy modalities in recent years. Examples
include anti-Siglec/Siglec ligand mAbs, [99] sialidase-conjugated mAbs as ADCs [48, 100, 101], sialyltransferase inhibitor-loaded nanoparticles [102],
Ablecs [107] and sialidase-conjugated CAR-T cells [103]. Soluble Siglec decoy receptors, which bind to Siglec ligands, block the interaction of immune
cell Siglec receptors with their Siglec ligands. Soluble glycosyltransferases could also be used therapeutically to use platelet-derived nucleotide sugars to

alter the glycocalyx in the TME.

7 | Summary and Future Perspectives

CAFs have been implicated in anti-cancer therapeutic resistance
and immunosuppression in stromal-rich tumours for some time.
Although this identifies CAFs as an important target in the TME,
they are inherently heterogeneous, which presents challenges for
the targeting of CAF-specific markers in the TME. More recently,
sialylation has emerged as a driver of immunosuppression,
progression and invasion in cancer. Here, we suggest that
CAF biomarkers may exhibit dysregulated sialylation patterns,
dictates anti-tumour immune responses through the Siglec
receptor/ligand axis. Understanding the role of sialylation in
CAF subsets, including iCAFs, myCAFs, and apCAFs, may be
important in uncovering novel targets that promote immunosup-
pression. Sialylated proteins/lipids may also alter the function of
these cells in both a Siglec-dependent and independent manner
and further research is needed to define these functions. We
and others recently reported that stromal cells exhibit higher

sialylation than cancer cells and modulate anti-tumour immune
responses via Siglec receptor engagement. Hypersialylation has
been strongly associated with immune evasion in cancer, where
sialylated tumour cells evade immune clearance. Recent evidence
suggests that glycosylation of immune checkpoints in the TME
may alter their function. De-glycosylation and desialylation
approaches hold promise for reactivation of immune cells in
the TME through the disruption of ICI interactions with their
receptors, opening a new avenue for ICI targeting. It is not fully
understood whether sialylation of ICIs regulates their function in
the TME, and this knowledge may open up existing therapeutic
possibilities in the future. Identification of CAF subset-specific
markers, as well as their sialylation profile, and identification of
mechanisms of immunosuppression, will undoubtedly aid in the
development of sialic acid-targeting therapies. This approach may
hold the potential to reverse immunosuppression and improve
response to immunotherapies in stromal-rich, therapy-resistant
cancers.

8 of 12

European Journal of Immunology, 2025

858017 SUOWILLIOD @A 18810 3(edldde aup Aq peusenob ae ssjolife YO ‘85N JO S9INJ Joj Akeid18ulUO A8]IAA U (SUORIPUOO-PUe-SW.BI W00 A8 | 1M AeIq 1 BU1[UO//SdNL) SUORIPUOD pUe SWB | 8L 88S *[5202/.0/22] Uo Ariqiauliuo (1M ‘wewdopneq 7 Yoteesay 35H Aq 00002 1B/200T 0T/I0p/wod A8 | 1M AIqpul|uoy//Sdny wouy pepeojumod ‘L ‘SZ0Z ‘THTHTZST



Author Contributions

Aoise O’Neill was involved in the idea concept and design, figure
preparation, literature search and data acquisition, interpretation of data,
critical evaluation of data, writing and revision and final approval of
manuscript. Norashikin Zakaria, Hannah Egan, Oliver Treacy, Aisling M.
Hogan, Michael O’Dwyer, and Sean O. Hynes were involved in concept
and design, interpretation of data, critical evaluation of data, reviewing
and finalisation of the manuscript. Aideen E. Ryan was involved in
idea, concept and design, figure preparation, literature search and data
acquisition, interpretation and critical evaluation of data, writing and
revision and final approval of manuscript. All authors have approved the
final version of the manuscript.

Acknowledgements

We thank Dr Eileen Reidy for her contributions to the figures for this
publication (created using Biorender). This work was funded by the
Research Ireland Starting Investigator Grant and Frontiers for the Future
Programme Award to Dr Aideen Ryan (19/FFP/6446 and 15/SIRG/3456)
and an HRB-HRCI Irish Cancer Society Award to Prof Michael O’Dwyer
and Dr Aideen Ryan (HRCI-HRB-2024-018).

Ethics Statement

This manuscript does not report any experiments that were conducted
with animals and does not contain human studies.

Conflicts of Interest

M O’D and A.E.R. are co-inventors on related patent US20210186999A1.
The remaining authors declare no conflicts of interest.

Data Availability Statement

The authors have nothing to report.

References

1. I. Mellman, D. S. Chen, T. Powles, and S. J. Turley, “The Cancer-
immunity Cycle: Indication, Genotype, and Immunotype,” Immunity 56,
no. 10 (2023): 2188-2205.

2.S. Mun, H. Lee, and P. Kim, “Rebuilding the Microenvironment of
Primary Tumors in Humans: A Focus on Stroma,” Experimental &
Molecular Medicine 56, no. 3 (2024): 527-548.

3. P. Saw, J. Chen, and E. Song, “Targeting CAFs to Overcome Anticancer
Therapeutic Resistance,” Trends in cancer 8, no. 7 (2022): 527-555.

4. S. Turley, V. Cremasco, and J. Astarita, “Immunological Hallmarks
of Stromal Cells in the Tumour Microenvironment,” Nature Reviews
Immunology 15, no. 11 (2015): 669—682.

5. L. Jenkins, U. Jungwirth, A. Avgustinova, et al., “Cancer-Associated
Fibroblasts Suppress CD8+ T-cell Infiltration and Confer Resistance
to Immune-Checkpoint Blockade,” Cancer Research 82, no. 16 (2022):
2904-2917.

6. M. A. Lakins, E. Ghorani, H. Munir, C. P. Martins, and J. D. Shields,
“Cancer-associated Fibroblasts Induce Antigen-specific Deletion of CD8
(+) T Cells to Protect Tumour Cells,” Nature Communications 9, no. 1
(2018): 948.

7. G. O’Malley, O. Treacy, K. Lynch, et al., “Stromal Cell PD-L1 Inhibits
CD8(+) T-cell Antitumor Immune Responses and Promotes Colon
Cancer,” Cancer immunology research 6, no. 11 (2018): 1426-1441.

8. E. L. Rivas, J. Linares, M. Zwick, et al., “Targeted Immunotherapy
Against Distinct Cancer-Associated Fibroblasts Overcomes Treatment
Resistance in Refractory HER2+ Breast Tumors,” Nature Communica-
tions 13, no. 1 (2022): 5310.

9.J]. Wu, X. Liu, J. A. W. Reeser, et al., “Stromal p53 Regulates Breast
Cancer Development, the Immune Landscape, and Survival in an

Oncogene-Specific Manner,” Molecular Cancer Research 20, no. 8 (2022):
1233-1246.

10. A. Calon, E. Lonardo, A. Berenguer-Llergo, et al., “Stromal Gene
Expression Defines Poor-prognosis Subtypes in Colorectal Cancer,”
Nature Genetics 47, no. 4 (2015): 320-329.

11. M. Xu, T. Zhang, R. Xia, Y. Wei, and X. Wei, “Targeting the Tumor
Stroma for Cancer Therapy,” Molecular cancer 21, no. 1 (2022): 208.

12. S. C. Hagenaars, S. de Groot, D. Cohen, et al., “Tumor-Stroma Ratio
Is Associated With Miller-Payne Score and Pathological Response to
Neoadjuvant Chemotherapy in HER2-negative Early Breast Cancer,”
International Journal of Cancer 149, no. 5 (2021): 1181-1188.

13. H. Dutta and N. Jain, “Post-translational Modifications and Their
Implications in Cancer,” Frontiers in oncology 13 (2023): 1240115.

14. S. V. Glavey, D. Huynh, M. R. Reagan, et al., “The Cancer Glycome:
Carbohydrates as Mediators of Metastasis,” Blood Reviews 29, no. 4 (2015):
269-279.

15. S. Stowell, T. Ju, and R. Cummings, “Protein Glycosylation in Cancer,”
Annu Rev Pathol 10 (2015): 473-510.

16. C. Bull, M. den Brok, and G. Adema, “Sweet Escape: Sialic Acids
in Tumor Immune Evasion,” Biochimica Et Biophysica Acta 1846, no. 1
(2014): 238-246.

17. C. Biill, T. J. Boltje, M. Wassink, et al., “Targeting Aberrant Sialylation
in Cancer Cells Using a Fluorinated Sialic Acid Analog Impairs Adhesion,
Migration, and in Vivo Tumor Growth,” Molecular Cancer Therapeutics
12, no. 10 (2013): 1935-1946.

18. M. Perdicchio, J. M. Ilarregui, M. I. Verstege, et al., “Sialic Acid-
modified Antigens Impose Tolerance via Inhibition of T-cell Proliferation
and De Novo Induction of Regulatory T Cells,” PNAS 113, no. 12 (2016):
3329-3334.

19. A. Biarenwaldt and H. Laubli, “The Sialoglycan-Siglec Glyco-immune
Checkpoint—a Target for Improving Innate and Adaptive Anti-cancer
Immunity,” Expert Opinion on Therapeutic Targets 23, no. 10 (2019):
839-853.

20. H. Xiao, E. C. Woods, P. Vukojicic, and C. R. Bertozzi, “Precision
Glycocalyx Editing as a Strategy for Cancer Immunotherapy,” PNAS 113,
no. 37 (2016): 10304-10309.

21.J. Wu, X. Wang, Y. Huang, et al.,, “Targeted Glycan Degradation
Potentiates Cellular Immunotherapy for Solid Tumors,” Pnas 120, no. 38:
€2300366120.

22. L. Li, J. Wu, W. Cao, et al., “N-deglycosylation Targeting Chimera
(DGIyTAC): A Strategy for Immune Checkpoint Proteins Inactivation by
Specifically Removing N-glycan,” Signal Transduct Target Ther 10, no. 1
(2025): 139.

23.J. Huang, J. Huang, and G. Zhang, “Insights Into the Role of Sialylation
in Cancer Metastasis, Immunity, and Therapeutic Opportunity,” Cancers
(Basel) 14, no. 23 (2022).

24. X. Zhou, K. Chi, C. Zhang, Q. Liu, and G. Yang, “Sialylation: A Cloak
for Tumors to Trick the Immune System in the Microenvironment,”
Biology (Basel) 12, no. 6 (2023).

25. H. Yen, Y. Liu, N. Chen, et al.,, “Effect of Sialylation on EGFR
Phosphorylation and Resistance to Tyrosine Kinase Inhibition,” PNAS
112, no. 22 (2015): 6955-6960.

26. K. Boelaars, L. Goossens-Kruijssen, D. Wang, et al., “Unraveling the
Impact of Sialic Acids on the Immune Landscape and Immunotherapy
Efficacy in Pancreatic Cancer,” Journal for ImmunoTherapy of Cancer 11,
no. 11 (2023).

27. Z. Xiao, L. Todd, L. Huang, et al., “Desmoplastic Stroma Restricts
T Cell Extravasation and Mediates Immune Exclusion and Immuno-
suppression in Solid Tumors,” Nature Communications 14, no. 1 (2023):
5110.

28. K. Boelaars, E. Rodriguez, Z. R. Huinen, et al., “Pancreatic Cancer-
associated Fibroblasts Modulate Macrophage Differentiation via Sialic
Acid-Siglec Interactions,” Communications Biology 7, no. 1 (2024): 430.

9 of 12

858017 SUOWILLIOD @A 18810 3(edldde aup Aq peusenob ae ssjolife YO ‘85N JO S9INJ Joj Akeid18ulUO A8]IAA U (SUORIPUOO-PUe-SW.BI W00 A8 | 1M AeIq 1 BU1[UO//SdNL) SUORIPUOD pUe SWB | 8L 88S *[5202/.0/22] Uo Ariqiauliuo (1M ‘wewdopneq 7 Yoteesay 35H Aq 00002 1B/200T 0T/I0p/wod A8 | 1M AIqpul|uoy//Sdny wouy pepeojumod ‘L ‘SZ0Z ‘THTHTZST



29. H. Egan, O. Treacy, K. Lynch, et al., “Targeting Stromal Cell Sia-
lylation Reverses T Cell-mediated Immunosuppression in the Tumor
Microenvironment,” Cell reports 42, no. 5 (2023): 112475.

30. J. Munkley and D. Elliott, “Hallmarks of Glycosylation in Cancer,”
Oncotarget 7, no. 23 (2016): 35478-35489.

31. A. Peixoto, M. Relvas-Santos, R. Azevedo, L. L. Santos, and J. A.
Ferreira, “Protein Glycosylation and Tumor Microenvironment Alter-
ations Driving Cancer Hallmarks,” Frontiers in Oncology 9 (2019): 380.

32. D. Hanahan, “Hallmarks of Cancer: New Dimensions,” Cancer
Discovery 12, no. 1 (2022): 31-46.

33.S. Pinho and C. Reis, “Glycosylation in Cancer: Mechanisms and
Clinical Implications,” Nature Reviews Cancer 15, no. 9 (2015): 540-555.

34.Y. Zhuo, R. Chammas, and S. Bellis, “Sialylation of betal Integrins
Blocks Cell Adhesion to Galectin-3 and Protects Cells Against Galectin-
3-Induced Apoptosis,” Journal of Biological Chemistry 283, no. 32 (2008):
22177-22185.

35. A. Swindall and S. Bellis, “Sialylation of the Fas Death Receptor by
ST6Gal-I Provides Protection Against Fas-mediated Apoptosis in Colon
Carcinoma Cells,” Journal of Biological Chemistry 286, no. 26 (2011):
22982-22990.

36. C. Liao, Q. Wang, J. An, et al., “CD44 Glycosylation as a Therapeutic
Target in Oncology,” Frontiers in oncology 12 (2022): 883831.

37. P. Chiodelli, S. Rezzola, C. Urbinati, et al., “Contribution of Vascular
Endothelial Growth Factor Receptor-2 Sialylation to the Process of
Angiogenesis,” Oncogene 36, no. 47 (2017): 6531-6541.

38. M. A. Stanczak and H. Laubli, “Siglec Receptors as New Immune
Checkpoints in Cancer,” Molecular Aspects of Medicine 90 (2023): 101112.

39. M. Ugorski and A. Laskowska, “Sialyl Lewis(a): A Tumor-Associated
Carbohydrate Antigen Involved in Adhesion and Metastatic Potential of
Cancer Cells,” Acta Biochimica Polonica 49, no. 2 (2002): 303-311.

40. M. Taniguchi, R. Okumura, T. Matsuzaki, et al., “Sialylation Shapes
Mucus Architecture Inhibiting Bacterial Invasion in the Colon,” Mucosal
Immunol 16, no. 5 (2023): 624-641.

41. M. R. Kudelka, T. Ju, J. Heimburg-Molinaro, and R. D. Cummings,
“Simple Sugars to Complex Disease-Mucin-Type O-Glycans in Cancer,”
Advances in Cancer Research 126 (2015): 53-135.

42. K. E. Ankenbauer, T. C. Rao, A. L. Mattheyses, and S. L. Bellis,
“Sialylation of EGFR by ST6GAL1 Induces Receptor Activation and
Modulates Trafficking Dynamics,” Journal of Biological Chemistry 299, no.
10 (2023): 105217.

43.Q. Fan, M. Li, W. Zhao, K. Zhang, M. Li, and W. Li, “Hyper
alpha2,6-Sialylation Promotes CD4(+) T-Cell Activation and Induces the
Occurrence of Ulcerative Colitis,” Adv Sci (Weinh) 10, no. 26 (2023):
€2302607.

44.Y. Yao, G. Kim, S. Shafer, et al., “Mucus Sialylation Determines
Intestinal Host-Commensal Homeostasis,” Cell 185, no. 7 (2022): 1172-1188
e28.

45. N. R. Mantuano and H. Ladubli, “Sialic Acid and Siglec Receptors in
Tumor Immunity and Immunotherapy,” Seminars in Immunology 74-75
(2024): 101893.

46. C. Biill, M. A. Stoel, M. H. den Brok, and G. J. Adema, “Sialic Acids
Sweeten a Tumor’s Life,” Cancer Research 74, no. 12 (2014): 3199-3204.

47. W. Zhu, Y. Zhou, L. Guo, and S. Feng, “Biological Function of Sialic
Acid and Sialylation in human Health and Disease,” Cell Death Discov 10,
no. 1(2024): 415.

48. M. A. Stanczak, N. Rodrigues Mantuano, N. Kirchhammer, et al., “Tar-
geting Cancer Glycosylation Repolarizes Tumor-Associated Macrophages
Allowing Effective Immune Checkpoint Blockade,” Science Translational
Medicine 14, no. 669 (2022): eabj1270.

49.J. Daly, S. Sarkar, A. Natoni, et al., “Targeting Hypersialylation
in Multiple Myeloma Represents a Novel Approach to Enhance NK
Cell-mediated Tumor Responses,” Blood Adv 6, no. 11 (2022): 3352-3366.

50. M. Lustig, C. Hahn, M. Leangen Herigstad, et al., “Sialylation
Inhibition Improves Macrophage Mediated Tumor Cell Phagocytosis of
Breast Cancer Cells Triggered by Therapeutic Antibodies of Different
Isotypes,” Frontiers in oncology 14 (2024): 1488668.

51. K. Lv, M. Sun, H. Fang, et al., “Targeting Myeloid Checkpoint Siglec-
10 Reactivates Antitumor Immunity and Improves Anti-Programmed Cell
Death 1 Efficacy in Gastric Cancer,” Journal for ImmunoTherapy of Cancer
11, no. 11 (2023).

52. X. Xu, T. Masubuchi, Q. Cai, Y. Zhao, and E. Hui, “Molecular Features
Underlying Differential SHP1/SHP2 Binding of Immune Checkpoint
Receptors,” Elife 10 (2021).

53.N. A. Leonard, S. M. Corry, E. Reidy, et al., “Tumor-Associated
Mesenchymal Stromal Cells Modulate Macrophage Phagocytosis in
Stromal-rich Colorectal Cancer via PD-1 Signaling,” Iscience 27, no. 9
(2024): 110701.

54. C. Dobie and D. Skropeta, “Insights Into the Role of Sialylation in
Cancer Progression and Metastasis,” British Journal of Cancer 124, no. 1
(2021): 76-90.

55. K. Cao, G. Zhang, M. Yang, et al., “Attenuation of Sialylation Augments
Antitumor Immunity and Improves Response to Immunotherapy in
Ovarian Cancer,” Cancer Research 83, no. 13 (2023): 2171-2186.

56. R. Wieboldt, M. Sandholzer, E. Carlini, et al., “Engagement of
Sialylated Glycans With Siglec Receptors on Suppressive Myeloid Cells
Inhibits Anticancer Immunity via CCL2,” Cell Mol Immunol 21, no. 5
(2024): 495-509.

57.1. Quast, C. W. Keller, M. A. Maurer, et al., “Sialylation of IgG
Fc Domain Impairs Complement-Dependent Cytotoxicity,” Journal of
Clinical Investigation 125, no. 11 (2015): 4160-4170.

58. W. Lin, T. Fan, J. Hung, et al., “Sialylation of CD55 by ST3GALIL
Facilitates Immune Evasion in Cancer,” Cancer immunology research 9,
no. 1(2021): 113-122.

59. G. O’Malley, M. Heijltjes, A. M. Houston, et al., “Mesenchymal
Stromal Cells (MSCs) and Colorectal Cancer: A Troublesome Twosome
for the Anti-Tumour Immune Response?,” Oncotarget 7, no. 37 (2016):
60752-60774.

60. D. J. Agorku, A. Bosio, F. Alves, P. Strobel, and O. Hardt, “Colorectal
Cancer-Associated Fibroblasts Inhibit Effector T Cells via NECTIN2
Signaling,” Cancer Letters 595 (2024): 216985.

61. X. Wang, Y. Zhou, Y. Wang, et al., “Overcoming Cancer Treat-
ment Resistance: Unraveling the Role of Cancer-associated Fibroblasts,”
Journal of the National Cancer Center 5, no. 3 (2025): 237-251.

62. T. Guo and J. Xu, “Cancer-associated Fibroblasts: A Versatile Mediator
in Tumor Progression, Metastasis, and Targeted Therapy,” Cancer and
Metastasis Reviews 43, no. 3 (2024): 1095-1116.

63. A. O’Neill, N. Zakaria, H. Egan, et al., “Stromal Cells Modulate Innate
Immune Cell Phenotype and Function in Colorectal Cancer via the Sialic
Acid/Siglec Axis,” BioRxiv (2025). p. 2025.03.14.642985.

64. J. Jiang, Y. Chen, Y. Zheng, et al., “Sialic Acid Metabolism-based Clas-
sification Reveals Novel Metabolic Subtypes With Distinct Characteristics
of Tumor Microenvironment and Clinical Outcomes in Gastric Cancer,”
Cancer cell international 25, no. 1 (2025): 61.

65. A. F. Swindall, A. I. Londofio-Joshi, M. J. Schultz, N. Fineberg, D. J.
Buchsbaum, and S. L. Bellis, “ST6Gal-I Protein Expression Is Upregulated
in human Epithelial Tumors and Correlates With Stem Cell Markers in
Normal Tissues and Colon Cancer Cell Lines,” Cancer Research 73, no. 7
(2013): 2368-2378.

66. Y. Kieffer, H. R. Hocine, G. Gentric, et al., “Single-Cell Analysis
Reveals Fibroblast Clusters Linked to Immunotherapy Resistance in
Cancer,” Cancer discovery 10, no. 9 (2020): 1330-1351.

67. V. Cremasco, J. L. Astarita, A. L. Grauel, et al.,, “FAP Delineates
Heterogeneous and Functionally Divergent Stromal Cells in Immune-
Excluded Breast Tumors,” Cancer immunology research 6, no. 12 (2018):
1472-1485.

10 of 12

European Journal of Immunology, 2025

858017 SUOWILLIOD @A 18810 3(edldde aup Aq peusenob ae ssjolife YO ‘85N JO S9INJ Joj Akeid18ulUO A8]IAA U (SUORIPUOO-PUe-SW.BI W00 A8 | 1M AeIq 1 BU1[UO//SdNL) SUORIPUOD pUe SWB | 8L 88S *[5202/.0/22] Uo Ariqiauliuo (1M ‘wewdopneq 7 Yoteesay 35H Aq 00002 1B/200T 0T/I0p/wod A8 | 1M AIqpul|uoy//Sdny wouy pepeojumod ‘L ‘SZ0Z ‘THTHTZST



68. L. Peterfi, M. V. Yusenko, G. Kovacs, and T. Beothe, “FAPalpha and
alphaSMA Mark Different Subsets of Fibroblasts in Normal Kidney and
Conventional Renal Cell Carcinoma,” Neoplasia 35 (2023): 100854.

69. T. Huang, X. Tan, H. Huang, et al., “Targeting Cancer-associated
Fibroblast-secreted WNT2 Restores Dendritic Cell-mediated Antitumour
Immunity,” Gut 71, no. 2 (2022): 333-344.

70. D. Unterleuthner, P. Neuhold, K. Schwarz, et al., “Cancer-Associated
Fibroblast-Derived WNT2 Increases Tumor Angiogenesis in Colon Can-
cer,” Angiogenesis 23, no. 2 (2020): 159-177.

71. U. Ray, C. L. Pathoulas, P. Thirusangu, J. W. Purcell, N. Kannan, and V.
Shridhar, “Exploiting LRRC15 as a Novel Therapeutic Target in Cancer,”
Cancer Research 82, no. 9 (2022): 1675-1681.

72. J.W. Purcell, S. G. Tanlimco, J. Hickson, et al., “LRRC15 Is a Novel Mes-
enchymal Protein and Stromal Target for Antibody-Drug Conjugates,”
Cancer Research 78, no. 14 (2018): 4059-4072.

73. A. T. Krishnamurty, J. A. Shyer, M. Thai, et al., “LRRC15(+) Myofi-
broblasts Dictate the Stromal Setpoint to Suppress Tumour Immunity,”
Nature 611, no. 7934 (2022): 148-154.

74. K. P. Alcedo, A. Guerrero, V. Basrur, et al., “Tumor-Selective Altered
Glycosylation and Functional Attenuation of CD73 in Human Hepatocel-
lular Carcinoma,” Hepatol Commun 3, no. 10 (2019): 1400-1414.

75. 1. Magagna, N. Gourdin, Y. Kieffer, et al., “CD73-Mediated Immuno-
suppression Is Linked to a Specific Fibroblast Population That Paves
the Way for New Therapy in Breast Cancer,” Cancers (Basel) 13, no. 23
(2021).

76. M. Yu, G. Guo, L. Huang, et al., “CD73 on Cancer-associated Fibrob-
lasts Enhanced by the A(2B)-Mediated Feedforward Circuit Enforces an
Immune Checkpoint,” Nature Communications 11, no. 1 (2020): 515.

71. F. Fei, J. Qu, M. Zhang, Y. Li, and S. Zhang, “S100A4 in Cancer
Progression and Metastasis: A Systematic Review,” Oncotarget 8, no. 42
(2017): 73219-73239.

78. G. Friedman, O. Levi-Galibov, E. David, et al., “Cancer-associated
Fibroblast Compositions Change With Breast Cancer Progression Linking
the Ratio of S100A4(+) and PDPN(+) CAFs to Clinical Outcome,” Nat
Cancer 1, no. 7 (2020): 692-708.

79. P. Gamradt, K. Thierry, M. Masmoudi, et al., “Stiffness-induced
Cancer-Associated Fibroblasts Are Responsible for Immunosuppression
in a Platelet-Derived Growth Factor Ligand-dependent Manner,” PNAS
Nexus 2, no. 12 (2023): pgad405.

80. S. GC, K. Tuy, L. Rickenbacker, et al., “alpha2,6 Sialylation Mediated
by ST6GAL1 Promotes Glioblastoma Growth,” JCI Insight 7, no. 21 (2022).

81. Y. Mori, Y. Okimoto, H. Sakai, et al., “Targeting PDGF Signaling of
Cancer-Associated Fibroblasts Blocks Feedback Activation of HIF-lalpha
and Tumor Progression of Clear Cell Ovarian Cancer,” Cell Rep Med 5, no.
5(2024): 101532.

82.J. Astarita, S. Acton, and S. Turley, “Podoplanin: Emerging Func-
tions in Development, the Immune System, and Cancer,” Frontiers in
immunology 3 (2012): 283.

83. K. Shindo, S. Aishima, K. Ohuchida, et al., “Podoplanin Expression in
Cancer-associated Fibroblasts Enhances Tumor Progression of Invasive
Ductal Carcinoma of the Pancreas,” Molecular Cancer 12, no. 1(2013): 168.

84.Y. Li, Z. Ma, W. Li, et al., “PDPN(+) CAFs Facilitate the Motility of
OSCC Cells by Inhibiting Ferroptosis via Transferring Exosomal IncRNA
FTX,” Cell Death & Disease 14, no. 11 (2023): 759.

85. H. Maehira, T. Miyake, H. lida, et al., “Vimentin Expression in
Tumor Microenvironment Predicts Survival in Pancreatic Ductal Adeno-
carcinoma: Heterogeneity in Fibroblast Population,” Annals of Surgical
Oncology 26, no. 13 (2019): 4791-4804.

86. S. Nomura, “Identification, Friend or Foe: Vimentin and Alpha-
Smooth Muscle Actin in Cancer-Associated Fibroblasts,” Annals of
Surgical Oncology 26, no. 13 (2019): 4191-4192.

87.Y. Yuan, L. Wu, S. Shen, S. Wu, and M. M. Burdick, “Effect of
Alpha 2,6 Sialylation on Integrin-mediated Adhesion of Breast Can-
cer Cells to Fibronectin and Collagen IV,” Life Sciences 149 (2016):
138-145.

88. M. T. Schettino, E. P. Preti, V. Vietri, et al., “The Role of betal
Integrin/CD29 as a Potential Prognostic Factor for the Risk of Progression
to Cervical Carcinoma in HPV-Associated Lesions,” Medicina (Kaunas,
Lithuania) 60, no. 3 (2024).

89. X. Wang, X. Che, C. Liu, et al., “Cancer-associated Fibroblasts-
Stimulated Interleukin-11 Promotes Metastasis of Gastric Cancer Cells
Mediated by Upregulation of MUC1,” Experimental Cell Research 368, no.
2(2018): 184-193.

90. H. Zhou, Y. Shen, G. Zheng, et al., “Integrating Single-cell and
Spatial Analysis Reveals MUCl-mediated Cellular Crosstalk in Mucinous
Colorectal Adenocarcinoma,” Clinical and translational medicine 14, no.
5(2024): e1701.

91. M. Goyette, L. E. Stevens, C. R. DePinho, et al., “Cancer-stromal
Cell Interactions in Breast Cancer Brain Metastases Induce Glycocalyx-
mediated Resistance to HER2-Targeting Therapies,” PNAS 121, no. 20
(2024): €2322688121.

92. K. Hasegawa, S. Tanaka, F. Fujiki, et al., “Glycosylation Status of CD43
Protein Is Associated With Resistance of Leukemia Cells to CTL-Mediated
Cytolysis,” PLoS ONE 11, no. 3 (2016): e0152326.

93. T. Gonzalez Munoz, A. T. Amaral, P. Puerto-Camacho, H. Peinado,
and E. de Alava, “Endoglin in the Spotlight to Treat Cancer,” International
Journal of Molecular Sciences 22, no. 6 (2021): 3186.

94. M. B. Giorello, L. M. Martinez, F. R. Borzone, et al., “CD105 Expression
in Cancer-Associated Fibroblasts: A Biomarker for Bone Metastasis in
Early Invasive Ductal Breast Cancer Patients,” Frontiers in Cell and
Developmental Biology 11 (2023): 1250869.

95. C. Hutton, F. Heider, A. Blanco-Gomez, et al., “Single-Cell Analysis
Defines a Pancreatic Fibroblast Lineage That Supports Anti-Tumor
Immunity,” Cancer Cell 39, no. 9 (2021): 1227-1244 €20.

96. H. J. Jiirgensen, D. H. Madsen, S. Ingvarsen, et al., “A Novel Func-
tional Role of Collagen Glycosylation: Interaction With the Endocytic
Collagen Receptor Uparap/ENDO180,” Journal of Biological Chemistry
286, no. 37 (2011): 32736-32748.

97. R. Francescone, D. Barbosa Vendramini-Costa, J. Franco-Barraza,
et al., “Netrin G1 Promotes Pancreatic Tumorigenesis Through Cancer-
Associated Fibroblast-Driven Nutritional Support and Immunosuppres-
sion,” Cancer discovery 11, no. 2 (2021): 446-479.

98.J. Ma, Y. Mo, M. Tang, et al., “Bispecific Antibodies: From Research to
Clinical Application,” Frontiers in immunology 12 (2021): 626616.

99. T. Angata, C. Nycholat, and M. Macauley, “Therapeutic Targeting
of Siglecs Using Antibody- and Glycan-Based Approaches,” Trends in
Pharmacological Sciences 36, no. 10 (2015): 645-660.

100. M. A. Gray, M. A. Stanczak, N. R. Mantuano, et al., “Targeted Glycan
Degradation Potentiates the Anticancer Immune Response in Vivo,”
Nature Chemical Biology 16, no. 12 (2020): 1376-1384.

101. C. K. Tsui, R. M. Barfield, C. R. Fischer, et al., “CRISPR-Cas9 Screens
Identify Regulators of Antibody-Drug Conjugate Toxicity,” Nature Chem-
ical Biology 15, no. 10 (2019): 949-958.

102. A. Juan, F. J. Cimas, 1. Bravo, A. Pandiella, A. Ocana, and C. Alonso-
Moreno, “Antibody Conjugation of Nanoparticles as Therapeutics for
Breast Cancer Treatment,” International Journal of Molecular Sciences 21,
no. 17 (2020): 6018.

103. J. S. Durgin, R. Thokala, L. Johnson, et al., “Enhancing CAR T Func-
tion With the Engineered Secretion of C. perfringens Neuraminidase,”
Molecular Therapy 30, no. 3 (2022): 1201-1214.

104. D. Hanahan and R. Weinberg, “Hallmarks of Cancer: The Next
Generation,” Cell 144, no. 5 (2011): 646-674.

11 of 12

858017 SUOWILLIOD @A 18810 3(edldde aup Aq peusenob ae ssjolife YO ‘85N JO S9INJ Joj Akeid18ulUO A8]IAA U (SUORIPUOO-PUe-SW.BI W00 A8 | 1M AeIq 1 BU1[UO//SdNL) SUORIPUOD pUe SWB | 8L 88S *[5202/.0/22] Uo Ariqiauliuo (1M ‘wewdopneq 7 Yoteesay 35H Aq 00002 1B/200T 0T/I0p/wod A8 | 1M AIqpul|uoy//Sdny wouy pepeojumod ‘L ‘SZ0Z ‘THTHTZST



105. A. Ben-Shmuel, Y. Gruper, C. Halperin, et al., “Cancer-Associated
Fibroblasts Serve as Decoys to Suppress NK Cell Anticancer Cytotoxicity
in Breast Cancer,” Cancer discovery 15, no. 6 (2025): 1247-1269.

106. M. Appadurai, S. Chaudhary, A. Shah, etal., “ST6GalNAc-I Regulates
Tumor Cell Sialylation via NECTIN2/MUC5AC-Mediated Immunosup-
pression and Angiogenesis in Non-Small Cell Lung Cancer,” Journal of
Clinical Investigation no. 10 (2025): 135.

107. J. C. Stark, M. A. Gray, S. Wisnovsky, et al., Antibody-lectin chimeras
for glyco-immune checkpoint blockade (2022), https://doi.org/10.1101/2022.
10.26.513931.

12 of 12

European Journal of Immunology, 2025

858017 SUOWILLIOD @A 18810 3(edldde aup Aq peusenob ae ssjolife YO ‘85N JO S9INJ Joj Akeid18ulUO A8]IAA U (SUORIPUOO-PUe-SW.BI W00 A8 | 1M AeIq 1 BU1[UO//SdNL) SUORIPUOD pUe SWB | 8L 88S *[5202/.0/22] Uo Ariqiauliuo (1M ‘wewdopneq 7 Yoteesay 35H Aq 00002 1B/200T 0T/I0p/wod A8 | 1M AIqpul|uoy//Sdny wouy pepeojumod ‘L ‘SZ0Z ‘THTHTZST


https://doi.org/10.1101/2022.10.26.513931

	The Tumour Glyco-Code: Sialylation as a Mediator of Stromal Cell Immunosuppression in the Tumour Microenvironment
	1 | Introduction
	2 | Sialylation: The Tumour Glyco-Code
	3 | Sialylation as a Hallmark of Cancer
	4 | The Siglec/Sialic Acid Axis: An Immune Checkpoint
	5 | Sialylation of CAFs: A Key Driver of Immunosuppression
	6 | Therapeutic Targeting of CAF Sialylation in Cancer
	7 | Summary and Future Perspectives
	Author Contributions
	Acknowledgements
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement

	References


		2025-07-16T10:38:25+0530
	Preflight Ticket Signature




