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Abstract  

Sialic acid-binding immunoglobulin-like lectins (Siglecs) have heavily mediated the 
tumour landscape and shown significant deregulation in many tumour malignancies 
by facilitating tumour progression and metastasis; such sialoglycan ligands have also 
contributed to tumour development. Primarily, the Siglec/sialoglycan axis is capable of 
modulating immunosuppression and signalling pathways, preventing myeloid cell 
activation and subsequent generation of an immune response. This book chapter 
highlights the multifaceted roles of the Siglec/sialoglycan axis and outlines Siglec 
expression, their therapeutic potential as diagnostic and prognostic biomarkers, and 
current murine models and techniques used to further elucidate key signalling 
pathways and downstream targets. Additionally, we have elaborated on the role of 
certain key enzymes involved in sialoglycan synthesis and the involvement of 
glycosylation and subsequent hypersialylation and immune modulation in the tumour 
microenvironment. Finally, we suggest key areas through which to further expand on 
the understanding of Siglec function and highlight roles in maintaining tumour 
heterogeneity. In addition to this, the usage of Siglec-targeting therapies may also 
enhance or optimise current immunotherapeutic interventions upon further 
experimental validation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Introduction  

Immune checkpoint proteins (ICPs) are classified as a collective group of 
immunoreceptor proteins that serve as functional modulators of the immune system 
(He and Xu 2020). Functionally, ICPs are characterised as the protein-ligand receptors 
expressed on cells associated with the immune system, such as T-cells, which 
maintain self-tolerance and immune response under homeostatic conditions (Zhang 
and Zheng 2020). However, under a tumour microenvironment (TME) setting, the ICPs 
expressed on the surface of cancer cells exhibit mechanistic immune evasion and 
inhibit the activation of T-cells. This leads to subsequent inactivation of the immune 
response, facilitating cancer occurrence and progression (Morad et al. 2021).  

Several ICPs have been correlated with multiple cancer types. This includes cytotoxic 
T-lymphocyte  (CTLA-4), programmed cell death protein-1 (PD-1), programmed death 
ligand-1 (PD-L1), T-cell immunoreceptor with Ig and ITIM domains (TIGIT), 
lymphocyte activating gene-3 (LAG-3), and other newly emerging ICPs. Many 
inhibitory ICPs have been correlated with cancer occurrence and progression. To 
tackle this issue, immunotherapeutic interventions employ monoclonal antibodies 
(immune checkpoint inhibitors: ICIs) to specifically target ICPs with an established 
positive response under in vitro, in vivo, and clinical settings (Gaikwad et al. 2022). 
Moreover, several FDA-approved ICIs have been utilised in cancer treatment with 
ipilimumab and pembrolizumab, among several other blocking antibodies capable of 
blocking the specific inhibitory receptor and normalising T-cell response (Bagchi et al. 
2021). Nevertheless, tumours remain highly evolving and can pose significant 
challenges to current therapeutics, including adverse side effects, limited patient 
response, acquired treatment resistance, and lack of targetable biomarkers, amongst 
others (Tang et al. 2022).  

Sialic acid-binding immunoglobulin-like lectins (Siglecs) are a protein family that has 
recently begun to emerge as new therapeutic targets for cancer. Several Siglec 
proteins, including Siglec-7 and Siglec-9, have been implicated in the development of 
cancer (Stanczak et al. 2022). Similarly, a previous study outlined a pan-cancer 
analysis that highlighted the upregulation of Siglec-15 in multiple cancer types (Li et 
al. 2020a). The aberrant expression of inhibitory Siglec proteins has been reported for 
multiple cancer types, which facilitate tumour progression due to enhanced sialylation 
observed within the tumour microenvironment (Stanczak et al. 2018; Daly et al. 2019). 
The enhanced sialylation is a consequence of increased Siglec ligand (sialoglycan) 
expression. Their recognition upon Siglec binding inhibits immune cell activity (Läubli 
and Varki 2020). With respect to PD-L1 and Siglec-15, both immune checkpoint 
proteins are expressed in mutually exclusive cancer populations (Shafi et al. 2022). 
Targeting Siglecs could potentially provide alternative methods for combination 
therapies with PD-L1 antagonists, enhance current immunotherapeutic treatments, 
and normalise the immune response.  



The significance of the Siglec/sialic acid axis in cancer development strongly suggests 
the development of novel immunotherapeutic treatments with a specific focus on 
disrupting Siglec family binding (Läubli et al. 2022). The crosstalk between 
sialoglycans and Siglecs enables significant immunomodulation. The disruption of 
Siglec-sialoglycan binding could normalise the immune response, further emphasising 
its potential as a therapeutic target (Wielgat et al. 2020). Deregulated Siglec 
expression has been correlated with advanced tumour grade and serves as an 
effective biomarker that can potentially determine likely diagnosis and clinical 
outcomes for patients (Yao et al. 2023). Therefore, the significance of the continual 
exploration of the Siglec/sialoglycan axis within the context of cancer immunology 
could help outline optimal clinical strategies and improve current treatment 
management of different cancer types.  

This chapter will comprise a detailed account that lists several elements relating to the 
Siglec/sialoglycan axis and their subsequent roles in cancer progression. This will also 
cover the usage of the current experimental models and techniques used to study 
Siglec-sialic acid interactions and corresponding cancer immune responses. 
Furthermore, the clinical relevance of the Siglec/sialic acid axis will also be discussed, 
highlighting the therapeutic potential of targeting Siglecs to enhance immune 
checkpoint blockade and further optimise anti-tumour immunity. Finally, we will 
emphasise the significance of future immunotherapies for Siglec-mediated regulation.  

 

The Siglec/sialoglycan axis 

The members of the Siglec family include the type I immunoglobulin-like 
transmembrane proteins, largely consisting of several extracellular Ig structural 
domains, one transmembrane domain, and an intracellular domain (Jiang et al. 2022). 
Each Siglec protein contains a V-set Ig domain responsible for sialoglycan binding 
located on the N-terminus (Macauley et al. 2014). This domain comprises a conserved 
arginine residue that is reserved for specific binding to sialogylcans via salt bridge 
formation with the respective sialoglycan carboxylate group (Von Gunten and Bochner 
2008). Within the tertiary structure, Siglecs can possess a cytoplasmic tyrosine residue 
domain containing either an immune receptor tyrosine-based inhibitory motifs (ITIM) 
or a positively charged residue in the transmembrane domain that can interact with 
immune receptor tyrosine-based activating motifs (ITAM) containing proteins. The 
intracellular domain can determine whether the Siglec is inhibitory or activating in 
nature, and determines Siglec function (Jiang et al. 2022). Inhibitory Siglecs with ITIM 
motifs recruit tyrosine phosphatases SHP-1 and SHP-2 for downstream signalling of 
pathways related to inactivating immune signalling and inhibiting the generation of an 
immune response (Crocker et al. 2007; Flores et al. 2019). Furthermore, SH2 domain-
containing inositol phosphatase (SHIP) can also be involved in Siglec binding-induced 
phosphatase recruitment. This can occur through partially binding to ITAMs whilst 
contributing to the downregulation of the immune response via PIP3 hydrolysis 



(Dempke et al. 2018). Similarly, the suppressor of cytokine signalling 3 (SOCS3) also 
shares binding specificity with SHP1/2 and competes for ITIM binding (Orr et al. 2007).  

A previous study outlined Siglec-7’s phosphorylated ITIM engagement with SOCS3, 
consequently resulted in regulating Siglec-7 protein turnover and proteasomal 
degradation, modulating enzyme activity (Orr et al. 2007). In addition to this, some 
Siglec proteins do not possess intracellular domains. However, they carry positively 
charged residues in the transmembrane domain capable of recognising ITAM 
encoding adapter proteins such as DAP10/12 to facilitate inhibitory signalling (Lim et 
al. 2021). To date, including Siglec-XII, 15 human and nine murine Siglec proteins 
have been identified and further classified into several groups (Figure 1). Sialoadhesin 
(Siglec-1), CD22 (Siglec-2), myelin-associated glycoprotein (MAG; Siglec-4), and 
Siglec-15 share structural and functional homology (50%-99%) (Duan and Paulson 
2020). The remainder are commonly referred to as CD33-related Siglecs due to 
evolution via duplication events from the CD33 gene, and are clustered within 
chromosome 19q13.3–q13.4. The CD33-related Siglecs display structural 
heterogeneity among their structure, hence adjustments regarding their nomenclature 
with a numbering system in humans but a lettered system in mice (Von Gunten and 
Bochner 2008).  
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Figure 1: A comparative representation of members of the Siglec family and the structural diversity 
between each individual member and corresponding divergence among humans and mice. Key 
distinctive amino acid residues involved in sialoglycan binding are also denoted.  

 

Inhibitory Siglecs have preferential complementarity towards sialoglycan ligands. 
These interactions can induce immunosuppression and allow cancer cells to evade 
the immune system (Sun et al. 2021; Gianchecchi et al. 2021). Sialoglycans are highly 
diverse nine-carbon terminal monosaccharides linked to membrane-bound and/or 
secreted glycoproteins and glycolipids. They share a  variety of glycosidic linkages 
ranging from α2,3, α2,6, α2,8, and α2,9 binding, which highlights their heterogeneity. 
In addition to this, the two most common sialoglycan isoforms have been identified as 
N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid (Neu5Gc), which 
are only differentiated via hydroxylation of the N-acetyl group of  Neu5Ac to form the 
N-glycolyl group of Neu5Gc. However, the latter does not exist in humans due to 
Cytidine monophospho-N-acetylneuraminic acid hydroxylase (Cmah) gene mutation 
(Soares et al. 2021). Sialoglycan preferential binding is dictated by the negative 
charges associated with sialic acid residues (Zhou et al. 2020; Van Houtum et al. 
2021). Furthermore, sialoglycans share several modulatory roles, including cellular 
signalling, proliferation, extracellular matrix interactions, and cellular adhesion. 
Additionally, deregulation of sialoglycans can promote angiogenesis, reduced immune 
response, and cancer progression (Pinho and Reis 2015).  

Aberrant expression of sialoglycans and key modulators related to glycan biosynthesis 
pathways have also been implicated in cancer progression (Angata et al. 2007; 
Takamiya et al. 2013). Several Siglecs, including Siglec-4/7 and Siglec-15, have 
demonstrated superior binding affinity for GALNAc-type O glycans, likely modulated 
via sialyltransferases including ST6GALNAC1 and ST6GALNAC2, leading to 
enhanced hypersialylation (Angata et al. 2007; Takamiya et al. 2013; Büll et al. 2021). 
Similarly, sialoglycan binding of Siglec-3/7/8 and Siglec-15 can also be further 
enhanced by sulphation and the activity of sulphotransferases, including CHST1 (Büll 
et al. 2021).  

Sialyltransferases, enzymes responsible for the transfer of sialic acids to 
oligosaccharides, can also impact cancer development. ST3GAL1, one of the 
sialyltransferases heavily involved in sialoglycan synthesis, shows enhanced 
expression in multiple cancer types, including breast and ovarian cancer, and is 
associated with poor prognosis (Wu et al. 2018; Yeo et al. 2019). Moreover, 
sulphotransferases also contribute to glycan synthesis and have been found to induce 
glycan binding and respective Siglec binding complementarity to O-glycans (Büll et al. 
2021; Jung et al. 2021). Additionally, modifications to glycan structure and altered 
glycosylation have been correlated with several cancer hallmarks and promoted 
cancer progression and metastasis (Häuselmann and Borsig 2014; Varki et al. 2022). 
Several common glycan alterations include deregulated sialylation, truncations of O-
glycans, and post-translational modifications to O- and N- glycan binding (Munkley 



2022). Upregulated sialoglycan expression on the surface of cancer cells enables 
enhanced Siglec binding, facilitating tumour growth (Mereiter et al. 2019). Moreover, 
sialylated antigens such as Sialyl-Tn (STn) and MUC1 are commonly associated with 
the regulation of immune tolerance via the modulation of immune cells, including 
dendritic cells and macrophages (Beatson et al. 2016). STn is the key ligand of Siglec-
15. In addition to this, STn has been identified as a significant cancer prognostic 
biomarker that is upregulated in several epithelial cancer types and heavily linked to 
poor clinical outcomes (Munkley 2016). Both Siglec-7 and Siglec-9 interactions with 
tumour-specific sialoglycans reduce sensitisation to NK cell activity and improve the 
survival of tumour cells  (Jandus et al. 2014a). Similarly, the activity of α2,3-specific 
sialyltransferases ST3GAL1 and ST3GAL4 significantly contribute to inducing ligand 
generation for myeloid cell Siglec-7 and Siglec-9 binding. Consequently, this results in 
increased sialylation in pancreatic ductal adenocarcinoma (PDAC) cells (Rodriguez et 
al. 2021). It is important to note that the diversity of sialoglycans stems from the 
heterogeneity in their glycosidic linkage. However, the biological importance within a 
tumour microenvironment is highlighted by the enhanced sialylation and increased 
binding with Siglec proteins that are exploited by tumour cells to avoid immune 
surveillance (Van De Wall et al. 2020). Therefore, not only identifying Siglecs as 
immunotherapeutic targets but the whole Siglec/sialoglycan axis could shed some light 
on treatment strategies for patient therapy. 

 

Impact of Siglecs in the Immune Response  

The expression patterns of Siglecs in various myeloid cell types are highly diverse, 
with many Siglecs contributing to several diseases. Sialoadhesin (Siglec-1) was 
characterised by murine macrophages involved in phagocytosis modulated in a 
sialoglycan-dependent manner (Crocker and Gordon 1986). A later study 
simultaneously revealed protein characterisation and purification alongside 
preferential binding to sialoglycan ligands with α2,3 glycosidic linkages (Crocker et al. 
1991). Sialoadhesin typically shows immune cell-specific expression on the surface of 
macrophages and peripheral dendritic cells, enabling its usage as a monocytic 
differentiation marker (Duan and Paulson 2020). Sialoadhesin also plays a crucial role 
in antigen presentation for macrophages (Liu et al. 2020). Furthermore, Sialoadhesin 
expression can be modulated via cytokine activity. One study has highlighted 
enhanced Siglec-1 expression on monocyte-derived dendritic cells via TGF-β 
exposure (De Saint Jean et al. 2014). Similarly, upregulated Sialoadhesin expression 
was observed in THP-1 monocytes when stimulated with IL-1β and TNF-α (Nagase et 
al. 2012). Additionally, within the cancer setting, Sialoadhesin has been found to play 
various roles relating to cancer progression. Sialoadhesin+ macrophages displayed 
better cancer-specific patient survival and prognosis in multiple cancer types 
(Strömvall et al. 2017). However, previous reports also highlighted that Siglec-1+ 

macrophages play a crucial role in mediating immunosuppression in triple-negative 
breast cancer (TNBC) (Jing et al. 2020).  



 

As one of the most extensively studied Siglecs from an immunological perspective, 
Siglec-2 (CD22) has an immune-specific expression on B-cells in humans, alongside 
Siglec-10 and Siglec-G in humans and murine cells, respectively. Moreover, CD22 was 
initially identified as a mediator in B-cell receptor signalling before being reclassified 
as a sialoglycan-binding receptor (Sgroi et al. 1993). CD22 has been identified as 
being highly upregulated in malignant tumour cells originating from the B-cell lineage 
and as being correlated to the development of pre-B cell acute lymphoblastic 
leukaemia (Duan and Paulson 2020). Similarly, there are patient cases regarding B-
cell lymphoma of metastatic cells expressing the CD22 antigen, which induces cancer 
progression  (Yu et al. 2021). CD22 has been reported as a CAR-T cell therapeutic 
target with further dual targeting alongside CD19 as a treatment strategy in B-cell 
acute lymphoblastic leukaemia (BALL) (Hu et al. 2021b). Furthermore, a previous 
study reported that a phase I clinical trial targeting CD22 upon the loss of CD19 could 
mediate antineoplastic effects similar to that of CD19 (Fry et al. 2018).   

Another member of the Siglec family, Siglec-3 (CD33), was shown to be expressed on 
myeloid progenitor cells within the bone marrow and peripheral blood monocytes, 
emphasising its usage as a myeloid cell marker (Freeman et al. 1995). However, there 
is also some evidence to show limited Siglec-3 expression in other immune cell types, 
including NK cells at varying stages of differentiation (Hernández-Caselles et al. 2006; 
Kloess et al. 2017). Siglec-3 preferentially binds to sialoglycans with α2-6- and α2-3 
glycosidic linkages, and has a strong binding affinity for sialoglycans on leukemic cell 
populations (Macauley et al. 2014). Furthermore, Siglec-3 has been described as a 
therapeutic target and could be useful as a diagnostic biomarker for myeloid 
neoplasms (Laszlo et al. 2014). The identification of CD33 as an acute myeloid 
leukaemia (AML) antigen could also be utilised as a promising target in CAR-T 
therapies, with almost 88% of AML patients having CD33+ expression in leukaemia-
inducing cells (Albinger et al. 2022).  

Siglec-4 has also shown immune cell expression as surface receptors on mast cells 
and oligodendrocytes in the nervous system (Büll et al. 2021). Siglec-4 was among 
the first set of Siglec proteins to be characterised and has distinct binding affinities 
towards sialoglycans on myelinating cells, ensuring stable axon-myelin interactions 
via GD1a- and GT1b binding (Schnaar 2023). Interestingly, the crosstalk between 
MUC1 and Siglec-4 was sialoglycan dependant and enhanced cellular adhesion and 
pancreatic cancer metastasis (Swanson et al. 2007). However, a previous study 
highlighted that Siglec-4-derived spacer molecules were capable of inducing CAR-T 
cell activity against proximal epitopes, maintaining significant tumour death (Schäfer 
et al. 2020).  

Siglec-5 (CD170) has shown immune expression in several immune cell types, 
including neutrophils, B-cells, mast cells, monocytes, and activated T-lymphocytes 
(Lozano-Rodríguez et al. 2023). Siglec-5 can recognise several glycosidic linkages on 
respective ligands, including α2-3, α2-6, and α2-8 binding, although it shows 



preferential binding towards the latter (Brinkman-Van Der Linden and Varki 2000). 
Additionally, due to the homologous nature of Siglec-5 with its counterpart, Siglec-5 is 
typically associated as a Siglec pair with activating Siglec-14 due to similar expression, 
sequence similarity, and ligand recognition (Ali et al. 2014). Within a TME, Siglec-5 
can inhibit leukocyte recruitment and immune response generation via PSGL-1 
interactions, which further promote a pro-tumorigenic environment (Pepin et al. 2016). 
Moreover, deregulated Siglec-5 co-expression with CD34 has also been observed in 
premature leukocytes and could potentially be used as an acute myeloid leukaemia 
marker (Virgo et al. 2003). There have also been reports in other cancer types, 
including colorectal cancer (CRC), where solubilised Siglec-5 has been used as a 
prognostic biomarker (Montalbán-Hernández et al. 2021). Siglec-5 has also shown 
expression on the surface of activated tumour-infiltrating T-lymphocytes, their 
functional activity also correlating with T-cell exhaustion in multiple tumour 
malignancies and preventing the generation of an effective immune response  
(Stanczak et al. 2018; Vuchkovska and Iwashima 2020). On the other hand, Siglec-14 
expression is typically associated with granulocyte and monocyte populations 
(Yamanaka et al. 2009). In addition to Siglec-5 activity, solubilised Siglec-14 generated 
via alternative splicing can suppress pro-inflammation of membrane-bound Siglec-14+ 
THP-1 monocytes in leukaemia cells (Huang et al. 2018). One recent study has 
demonstrated that the engagement of the Siglec-5/14 with tumour-expressed 
sialoglycans are capable of inhibiting the activation of integrins CD11b/CD18 and 
reduced neutrophil mediated tumour cell cytotoxicity (Bouti et al. 2023). However, 
Siglec-14 exploration within cancer remains limited.  

Siglec-6 (CD327) abundance has typically been associated with human mast cells, B-
cells, and basophils (Issa 2017). As an inhibitory Siglec protein, Siglec-6, displays 
functional binding to STn-type ligands and establishes ligand binding via glycerol side 
chains, unlike conventional Siglec protein-ligand binding (Brinkman-Van Der Linden 
and Varki 2000; Blixt et al. 2003). Siglec-6 has been highlighted in previous studies as 
being associated with cancer progression. Siglec-6 has shown unique expression on 
the surface of human mast cells and basophils in chronic myeloid leukaemia patients 
(Smiljkovic et al. 2023). Additionally, aberrant Siglec-6 expression has been 
demonstrated in other tumour malignancies, including bladder cancer and AML, with 
deregulated expression directly correlating to an advanced stage of cancer (Issa 2017; 
Benmerzoug et al. 2022).  

Siglec-7 (CD328) displays elevated expression in a number of immune cell 
populations, including NK cells (Nicoll et al. 1999; Rosenstock et al. 2017). As an 
inhibitory immune receptor, Siglec-7 displays binding affinities towards sialoglycans 
with α2,8 glycosidic-linked residues, which have a higher affinity and preference over 
α2,3 and α2,6 linkages (Yamaji et al. 2002). Additionally, several studies have 
highlighted Siglec-7 expression with dysregulated NK cell cytotoxicity, consequentially 
resulting in tumour metastasis (Yamaji et al. 2002). Furthermore, post-translational 
modifications, including glycosylation, stimulated TAMs differentiation of Siglec-7+- 
and Siglec-9+-positive monocytes in pancreatic tumour cells (Rodriguez et al. 2021). 



Siglec-7 also exhibits significant potential as a predictive biomarker due to its inhibitory 
nature and association with poor clinical outcomes (Yamada et al. 2020). 

Siglec-8 expression is presently highlighted in immune populations, including 
eosinophils and mast cells and low expression in basophils (Youngblood et al. 2020). 
Although the literature concerning Siglec-8’s role in cancer remains limited, 
upregulated Siglec-8 expression can be largely correlated with poor survival outcomes 
in clear-cell renal carcinoma (CCRC) tumours (Ou et al. 2017). However, conflicting 
reports have mentioned that downregulated Siglec-8 expression could be utilised as 
a prognostic biomarker in gastric cancer (GC) patients following surgical resection 
treatment strategies (Cao et al. 2016). Although Siglec-8 activity within the cancer 
setting remains highly ambiguous, elucidating Siglec-8’s role in cancer progression 
and interactions with sialoglycans could warrant further exploration.  

Siglec-9 (CD329) shares a similar homology to Siglec-7 and is expressed on the 
surface of myeloid cells and NK cells (Chen et al. 2018; Zheng et al. 2020). Although 
both Siglecs share structural homology, Siglec-9 also displays relatively different 
binding affinities in comparison to its counterpart. Siglec-9 has specific binding 
preferences towards α2,3- and α2,6-linked sialoglycans, whereas Siglec-7 displays 
higher affinity towards α2,8-linked residues and α2,3- and α2,6-linked sialoglycans to 
a weaker extent (Zheng et al. 2020). Alongside Siglec-7, Siglec-9 remains one of the 
most highly studied Siglecs involved in tumour development and progression. Several 
studies have shown that Siglec-9 could contribute to multiple tumour malignancies 
including breast cancer, PDAC, and AML (Biedermann et al. 2007; Beatson et al. 2020; 
Rodriguez et al. 2021). Moreover, Siglec-9 has consistently been used as a tumour 
marker due to dysregulated expression patterns in several cancer types, as 
demonstrated via in silico analysis (Wu et al. 2022). Another study also highlights that 
Siglec-9+ macrophages induce glioblastoma progression whilst restricting immune 
response (Mei et al. 2023). Similarly, upregulated Siglec-9 expression within the TME 
can also be correlated with poor clinical outcome and reduced immune infiltration (Xu 
et al. 2022). This is also supported by the work of Stanczak et al. (2018), who have 
shown the expression of Siglec-9 on tumour-infiltrating T-cells and co-expression of 
other immune checkpoint receptors such as PD-1. With significant studies focusing on 
Siglec-9-mediated cancer progression, Siglec-9 exhibits significant potential as a 
tumour biomarker for the development of treatment strategies.  

Siglec-10 is another inhibitory Siglec that displays significant expression patterns on 
several immune populations, including NK cells, B-cells, and CD4+ T-cells (Bandala-
Sanchez et al. 2018; Bandala-Sanchez et al. 2020). Furthermore, the Siglec-10/Sia 
axis has been highlighted in the dysregulation of multiple cancer types with 
interactions with respective Siglec-10 ligands CD24 and CD52 antigens that display 
significant glycosylation modifications and modulate immune function pathways 
(Barkal et al. 2019; Lim et al. 2021). Tumour evasion was further enhanced due to 
increased CD24 interactions with Siglec-10+ TAMs in both ovarian and TNBC (Barkal 
et al. 2019). Similarly, Siglec-10+ TAMs expression and enhanced sialoglycan 



interactions have been shown to promote cancer progression (Wang et al. 2022). In 
addition to enhanced protein-ligand interactions, checkpoint blockade is capable of 
Siglec-10 modulation and enhanced immune infiltration and cytotoxicity of CD8+ T-
cells (Xiao et al. 2021). Moreover, Siglec-10+ expression patterns on immune 
populations also result in immunosuppression due to extracellular vesicle secretion 
and promote tumour progression and metastasis (Li et al. 2019). A recent study 
highlighted the use of lysosomal-targeting chimeras as a therapeutic treatment and 
enabled the blocking of the Siglec-10/CD24 axis via protein degradation (Wang et al. 
2023)  

Inhibitory Siglec-11 is another part of a Siglec pair that exhibits relatively similar binding 
domains to Siglec-16 due to a shared homology between their first two Ig domains 
(Hayakawa et al. 2017). Siglec-11 is predominantly expressed on macrophages and 
brain microglial cells (Hane et al. 2021). In addition to this, Siglec-11 displays 
preferential complementarity binding to α2-8 glycosidic-linked sialoglycans (Shastry et 
al. 2020). Moreover, Siglec-11 exhibits complementary binding to polysialic acids, 
including its putative ligand, polysialylated neuronal cell adhesion molecule (NCAM) 
(Wang and Neumann 2010). In the cancer field, both Siglec-5 and Siglec-11 fusion 
proteins demonstrate increased binding to glioma cells upon exposure to 
dexamethasone and temozolomide treatment (Wielgat et al. 2021). However, Siglec-
11’s role in mediating cancer progression remains unclear.  

Siglec-12 (Siglec-XII) is also another Siglec that remains relatively understudied. Due 
to a frameshift mutation (R122C), the lack of a conserved arginine residue prevents 
efficient sialoglycan binding (Mitra et al. 2011), and hence the differentiation from other 
conventional Siglec proteins. However, it is worth noting that Siglec-12 does possess 
an ITIM motif and can bind to SHP-1/SHP-2 phosphatases, and can be involved in 
mediating tumorigenic signalling in prostate carcinomas (Mitra et al. 2011; Lim et al. 
2021). Similarly, Siglec-XII has been shown to actively contribute to cancer 
progression and is heavily linked to advanced stages of cancer and poor clinical 
outcomes in CRC patients (Siddiqui et al. 2021).  

Having been discovered within osteoclasts, Siglec-15 has shown significant 
expression on myeloid cell populations, including TAMs, and is the only Siglec with 
predominant expression on the surface of tumour cells (Angata et al. 2007). Siglec-15 
displays a key binding preference to the STn antigen via an Arg143 residue, the key 
residue involved in salt bridge formation with the sialoglycan carboxylate, and is the 
canonical glycan ligand binding interaction (Crocker et al. 2007). There is evidence 
that N-glycosylation modifications could contribute to Siglec-15’s immunosuppressive 
role. Significant N-glycosylation located on the N172 residue is pivotal to Siglec-15 
function, and glycosylation deficiency reduces tumour growth in murine models (Wang 
et al. 2021). Interestingly, a separate study identified the crystallised structure of 
Siglec-15 and correlated binding to α2,3- and α2,6-linked sialoglycans, as well as the 
STn antigen, in the presence of its binding partner, CD11b (Lenza et al. 2023). The 
STn antigen is also heavily associated with poor clinical outcomes in multiple 



malignancies (Rodrigues Mantuano et al. 2020). Furthermore, a pan-cancer analysis 
highlighted that Siglec-15 expression is upregulated in multiple cancer types (Li et al. 
2020). Siglec-15 consistently displays deregulated expression in several cancers and 
has been correlated with poor clinical outcomes and cancer progression via multiple 
signalling pathways (Li et al. 2020; Hu et al. 2021; Fan et al. 2021; Liang et al. 2022; 
Li et al. 2022; Jiang et al. 2023; Wang et al. 2023). Siglec-15 also contributes to the 
development of the TME, SIGLEC15+ TAMs correlated to an immunosuppressive TME 
in pancreatic ductal adenocarcinomas, and is capable of suppressing T-cell immune 
responses in vitro and in vivo (Wang et al. 2019; Li et al. 2022). Signalling pathways 
related to Siglec-15 inhibitory functional activity involved downstream signalling of 
targets, including SYK and DUSP1, to contribute to TME immunosuppression (Wang 
et al. 2019; Fan et al. 2021). In addition, our recent study highlighted a synthesised 
small molecule inhibitor targeting Siglec-15 and showed tumour death in vitro via 
regulation of miRNAs and oncogenes (Ahmad et al. 2023). Moreover, Siglec-15 is 
expressed in mutually exclusive populations with other immune checkpoints, including 
PD-L1 (Fudaba et al. 2021). The vast evidence outlining Siglec-15’s role in cancer 
progression has demonstrated the significant potential for its use as a prognostic 
biomarker to further develop strategies in immunotherapeutic treatment. This also 
highlights possibilities in developing combination therapies for targeting PD-L1+ cancer 
patients.  

Siglec-16, the counterpart to Siglec-11, is activating in nature and typically shows 
expression in similar cells to Siglec-11 (Hayakawa et al. 2017). With no intracellular 
signalling motif, Siglec-16 relies on DAP12 binding to trigger activating functional 
activity (Cao et al. 2008). Several studies have correlated the activity of Siglec-16 to 
counteracting the inhibitory action of Siglec-11 against pathogenic species and 
generate opposite inflammatory responses towards respective stimuli (Schwarz et al. 
2017). Moreover, activation of pro-inflammatory macrophages induced via the Siglec-
16/PSA axis is correlated with better overall survival in glioblastoma patients, reduced 
presence of TAMs, and increased CD8+ T-cell infiltration (Thiesler et al. 2023). 
However, several Siglecs, including Siglec-16, can suppress immune function in 
gliomas and are functionally similar to PD-L1 (Li et al. 2019). Further studies could 
elucidate the role of the Siglec pair within cancer and establish a correlating link 
between the Siglec/PSA axis and cancer progression.  

 

Sialic Acid Alterations in Cancer 

Sialylation expression patterns are heavily modulated via numerous functional 
sialyltransferases and sialidases. Additionally, as post-translational modifications, 
sialylated glycans maintain normal homeostatic function (Lee and Wang 2020). 
Deregulated sialylation expression profiles have highlighted tumour onset and are a 
unique driver of tumour metastasis. Herein, we highlight changes in sialylation patterns 
involving the alteration and distribution of sialic acid residues and their impact on 
tumour cell behaviour and morphology.  



 
A common occurrence of sialylation patterns in the TME is the development of tumour 
hypersialylation, a phenomenon that witnesses an increased presence of sialoglycan 
residues of up to 40%-60% on the surface of cancer cells (Rodrigues and Macauley 
2018). The result of hypersialylation is a combined effect of the upregulation of 
sialyltransferases and the downregulation of neuraminidase enzymes (Peixoto et al. 
2019). Additionally, the role of oncogenes, including RAS and MYC, has been involved 
in the deregulated transcription of sialyltransferase enzymes such as ST6GALNAC4, 
leading to poor prognosis and reduced myeloid cell infiltration in tumours (Smith et al. 
2023). Similarly, enhanced expression of site-specific N-glycosylation on tumour cells 
is also the consequence of deregulated sialyltransferase and sialidase activity, 
contributing to hypersialylation (Chen et al. 2023). Furthermore, tumour 
hypersialylation has been correlated with tumour progression and metastasis and 
facilitates immune evasion (Dobie and Skropeta 2021). Facilitated immune evasion of 
tumour cells promotes significant binding of sialoglycans with inhibitory Siglec receptor 
proteins, including Siglec-7, Siglec-9, and Siglec-15 (Tian et al. 2023). CD24 binding 
to Siglec-10 also promotes immune evasion via ITIM signalling in the cytoplasmic tail 
of Siglec-10 (Barkal et al. 2019). Similarly, GBS β-protein ligand engagement with 
Siglec-5 triggers ITIM phosphorylation (Vuchkovska et al. 2022). An 
immunosuppressive signal is maintained downstream upon binding, and immune 
cells, including NK cells, T-cells and macrophages, remain inactivated. In addition to 
this, hypersialylation is dependent on the deregulated expression of the sialoglycan. 
Knockout (KO) of enzymes involved in sialoglycan synthesis, including 
sialylatransferases, can further modulate the occurrence of hypersialylation and can 
correspond with reduced tumour growth (Han et al. 2022). A recent study has 
highlighted the usage of targeted inhibitors or KO in the prevention of hypersialylation, 
including the KO of ST6GALNAC1, reducing both MUC5AC sialylation and STn 
production (Tian et al. 2023). Additionally, direct targeting of sialyltransferases and 
sialidases were shown to desialylate the TME and repolarise TAMs to an M1 
phenotype to induce immune activation in vivo (Stanczak et al. 2022). Consequently, 
modulating hypersialylation can provide a reversible and fluid tumorigenic state and 
reduce the likelihood of the TME being involved in tumour development and 
heterogeneity upon normalised sialylation.  
Another significant role of sialylation within the cancer setting is its role in reducing the 
occurrence of apoptosis. Primary signalling from the TNFR1 (tumour necrosis factor 
receptor type 1) receptor induces the activation of apoptosis (Yang et al. 2023). 
However, the activation relies on TNFR1 binding to its associated death domain 
protein TRADD. The α2-6 sialylation of TNFR1 inhibits binding and prevents apoptosis 
activation, allowing tumour cells to evade cell death (Holdbrooks et al. 2018). Similarly, 
Fas receptor (FasR) binding to FasL (Fas ligand) induces apoptosis via a caspase-8-
dependant manner. However, upon sialylation of the FasR, the apoptotic signalling 
becomes inhibited (Yang et al. 2023). 
 



Several enzymes related to sialoglycan synthesis can also modulate cellular signalling 
via enhanced glycosylation on several glycoproteins and glycolipids. ST6GAL1, a key 
sialyltransferase involved in the addition of sialic acids via an α2,6 glycosidic linkage 
to underlying galactose residues, has been implicated in several malignancies (Lu and 
Gu 2015; Rodrigues and Macauley 2018). Upregulated α2,6 sialylation was observed 
via ST6GAL1 activity promoting glioblastoma tumour progression (Gc et al. 2022). 
Furthermore, elevated expression profiles regarding ST6GAL1 are likely associated 
with the upregulation of the RAS oncogene, which correlate to poor prognosis 
(Rodrigues and Macauley 2018). ST6GAL1 expression was dependent on mutated 
RAS activation, and the expression of K-RAS or H-RAS led to a ten-fold increase in 
ST6GAL1 expression and is regulated via the RalGEF signalling pathway (Dalziel et 
al. 2004). Similarly, RAS mutations are frequently involved in the development of 
pancreatic tumours, with ST6GAL1 highlighted as a downstream mediator for 
oncogenesis (Chakraborty et al. 2022). However, the mechanism by which this is 
achieved remains unclear. In addition to this, enhanced sialylation of the TNFR1 death 
receptor via ST6GAL1 activity increases resistance to TNF-α-induced apoptosis, 
facilitating tumour progression (Hirabayashi et al. 2002; Amano et al. 2003; Zhuo et al. 
2008).  
The involvement of several sialyltransferases functioning in the transfer of sialic acids 
to galactose residues (ST3GAL1, ST3GAL2, ST3GAL3, ST3GAL4, ST3GAL5, and 
ST3GAL6) also plays a role in tumour progression by masking tumour cells and 
preventing antigen recognition from surrounding myeloid cells (Burchell et al. 1999). 
ST3GAL1 activity is involved in the sialylation of O-glycans on several MUCIN proteins 
that interact with Siglec-9, facilitating tumour progression (Beatson et al. 2016). 
Similarly, elevated sialylation has been observed due to ST3GAL1 and ST3GAL2 
activity and has been significantly associated with Imatinib Mesylate treatment 
resistance in chronic myeloid leukaemia (CML) patients (Patel et al. 2022). The 
mentioned study correlated the role of sialoglycan expression with CML markers and 
evaluated sialylation with features associated with treatment resistance, including 
haemoglobin count, platelet count, BCR-ABL1 ratio, and leukocyte count. 
Furthermore, a previous study has also indicated that ST3GAL2 and ST3GAL3 
involvement in aberrant glycosylation promoted several cancer hallmarks and 
metastasis of oral carcinomas (Mehta et al. 2020). In addition to this, the knockdown 
of sialyltransferase genes, including ST3GAL2, exhibited reduced CRC progression 
and metastasis both in vitro and in vivo (Deschuyter et al. 2022). Both, ST3GAL4 and 
ST3GAL6 are also involved in the promotion of tumorigenesis and tumour progression 
via enhanced sialylation. Their involvement in sialoglycan synthesis produces ligands 
for selectin proteins, which are correlated with tumour progression and inflammation 
of vascular endothelial cells (Yang et al. 2012). However, some reports highlight 
enhanced sialylation is involved in regulating neural cells and tissues, including 
gliomas (Schnaar et al. 2014).   
ST8SIA2 and ST8SIA4 are two sialyltransferase enzymes involved in catalysing the 
α2-8 glycosidic bond between two sialic acid residues and the synthesis of polySia 
(PSA). The enhanced expression profiles of PSA modulated via ST8sia2 and ST8sia4 



activity have demonstrated tumour progression and metastasis (Liao et al. 2020). 
Evidence of PSA expression was observed during EMT in malignant breast cancer 
cells and exhibited differential expression in clinical tissues (Wang et al. 2016). Another 
study also highlighted that the derivative of polySia (de-N-acetyl neuraminic acids; 
dPSA) is expressed on the surface of cancer cells and is dependent on ST8SIA2 
expression (Moe et al. 2021).  
Sialidases (Neuraminidases) are also involved in the modulation of sialoglycans, with 
the predominant function of a hydrolytic cleavage of sialic acid residues from 
glycoproteins (Glanz et al. 2019). Of the four mammalian sialidases present (NEU1, 
NEU2, NEU3, and NEU4), each have a separate subcellular localisation to perform 
their functional activity. They are predominantly involved in a critical role in modulating 
the activation of receptor proteins and downstream signalling associated with immune 
surveillance, apoptosis, and regulating overall sialylation of the surface of cancer cells 
and the TME, all through desialylation (Yang et al. 2023). Upregulation of several 
sialidases has been implicated in cancer and is involved in tumour progression 
(Toussaint et al. 2022). NEU1 shows typical subcellular localisation at the plasma 
membrane and lysosomes and complementarily binds with the elastin-binding protein 
required for signalling and desialylation regulation (Toussaint et al. 2022). The mRNA 
and protein expression of NEU1 is correlated with the tumour cohort in hepatocellular 
carcinomas and has also been associated with invasion and metastasis in ovarian 
cancer (Ren et al. 2016; Toussaint et al. 2022). However, alterations in neuraminidase 
expression patterns (NEU1, NEU2, NEU3, NEU4)  have highlighted decreased 
expression in multiple cancer types alongside overexpression, resulting in increased 
sensitivity to apoptosis (Vajaria et al. 2016). Increased desialylation of sialoglycans 
from glycoconjugates can affect ligand binding to receptors, protein receptor activity, 
and substrate turnover (Klaus et al. 2021). In some instances, desialylation can induce 
receptor activation. For instance, the activation of microglial receptor TLR4 is 
enhanced following desialylation and stimulates microglial activation and phagocytosis 
(Allendorf et al. 2020). Furthermore, desialylation of a crucial autophagosome protein, 
ATG5, enhances autophagosome formation and cell death in ovarian cancer cells via 
Neu2 activity (Satyavarapu et al. 2021). Additionally, Neu2 expression remains low in 
ovarian tumours; however, overexpression of Neu2 demonstrates significant cleavage 
of α2,6- and α2,3 sialoglycans and reduced tumour viability (Satyavarapu et al. 2021). 
Desialylation has become an interesting area of research for therapeutic usage. One 
recent study highlighted a synergistic effect of CAR-T therapy and desialylation of 
sialidase conjugates in the treatment of solid tumours (Wu et al. 2023). However, the 
role of sialidases’ involvement in tumour onset and progression remains to be fully 
elucidated. Further mechanistic studies that highlight the oncogenic role of sialidases 
could highlight the pharmacological potential of these proteins as therapeutic targets. 
 
It is also important to note that the availability of CMP-sialic acids for sialyltransferase 
functional activity is vital for sialylation-mediated tumour onset and progression. 
Enhanced intracellular expression of sialic acids through metabolic pathways could 
drive changes in the production of sialic acid UDP-GLCNAC precursor molecules 



(Almaraz et al. 2012). Increased branching from altered N-glycosylation patterns 
resulting from UDP-GALNAC levels provides a significantly larger amount of acceptor 
sites for sialylation. Therefore, it could also increase sialyltransferase transcription, 
leading to tumour progression (Badr et al. 2015). More importantly, one study also 
demonstrated that the absence of sialylation following CMAS (cytidine 
monophosphate N-acetylneuraminic acid synthetase) KO altered myeloid population 
composition within the TME and a decreased presence of Tregs potentially shifting the 
TME landscape towards an inflamed state (Boelaars et al. 2023). By modulating the 
expression of enzymes associated with sialoglycan synthesis, enhanced sialylation 
will be diminished.   
 
Siglec-Sialic Acid Interactions in Cancer Immune Evasion 

Inhibitory Siglec protein function resembles similar activity to the PD-1 immune 
checkpoint in mediating the TME (Jiang et al. 2022). Additionally, several Siglecs can 
affect anti-tumour immunity via affected myeloid populations. Siglec-15 expression on 
TAMs significantly reduces T-cell-mediated anti-tumour immunity and contributes to 
TME heterogeneity (Wang et al. 2019). Likewise, both Siglec-7 and Siglec-9 inhibit NK 
cell activity and reduce NK cell cytotoxicity, promoting tumour growth and evasion 
(Wang et al. 2019). In addition, deregulated sialylation expression patterns can control 
the differentiation of myeloid cells, one key example being the differentiation and 
polarisation of macrophages to the M2 tumorigenic phenotype (Bärenwaldt and Läubli 
2019). However, a recent study has identified that disrupting the Siglec-9/Sia axis 
could potentiate therapeutic antibodies targeting EGFR or HER2 and significantly 
restore neutrophil toxicity against tumour cells (Lustig et al. 2023). Similarly, a recent 
study identified aptamer blockade of Siglec-15 could restore T-cell immune responses 
in vitro and in vivo (Wu et al. 2023). Although myeloid populations are suppressed by 
Siglec activity and reduce the effectiveness of anti-tumour immune responses, it 
seems likely that these suppressive states are reversible and further 
targeting/blockade of Siglec receptors could normalise homeostatic myeloid function.  

 

To further contribute to an immunosuppressive TME, T-cell exhaustion becomes a 
critical factor in promoting tumour progression. Stemming from overstimulation of 
antigens and an over-exhausting release of cytokines and involvement in receptor 
activation, the functionality of lymphocytes is diminished (Chow et al. 2022). The 
inability to generate an effective immune response reduces the efficacy of 
immunotherapeutic treatments and can promote treatment resistance of tumour cells 
(Chow et al. 2022). A recent study highlighted that enhanced sialylation within tumour 
stromal cells suppresses T-cell activation, consequently resulting in T-cell exhaustion 
and induced Siglec binding (Egan et al. 2023). Additionally, another study identified 
that Siglec-9+ TAMs are correlated with an enhanced TME, as facilitated by exhausted 
CD8+ T-cells and significantly upregulated expression on the surface of TAMs, in 
ovarian cancer (Wang et al. 2023).  



 

It is also important to note that myeloid-derived suppressor cells (MDSCs) are heavily 
involved in the development of TME and tumour heterogeneity. Siglec-3 is a key 
marker for MDSCs and is an oncogenic driver in leukaemia progression and 
metastasis (Cheng et al. 2022). This is also supported by the work of Ni et al. (2020), 
who demonstrated that CD33+ MDSCs are reliable prognostic biomarkers in predicting 
clinical outcomes in cervical cancer (Ni et al. 2020). Similarly, they have also been 
used to successfully predict the recurrence of advanced GC tumours in patients 
following surgical resection (Soeno et al. 2020). Furthermore, the accumulation of 
MDSCs within the TME is also characterised by the increased presence of Siglec-3+ 
myeloid cells facilitating increased immunosuppression (Raaijmakers 2012). In 
addition to this, CD4+ T-cells have also been shown to modulate the production of 
MDSCs from CD33+ myeloid cells via TNF-α activity (Bauswein et al. 2018), thereby 
possibly highlighting the role of inflammatory cytokine production and inflammation 
within the TME. Moreover, the presence of MDSCs in the TME has played a significant 
role in the development of solid tumours and has contributed to immunotherapeutic 
treatment resistance against immune checkpoints, including PD-1 (Weber et al. 2018; 
Safari et al. 2019). However, CD33-specific blocking antibodies including AMV564 
(NCT04128423), have shown an increase in immune activation and a decrease of 
MDSCs and, reducing the tumour burden in the treatment of solid tumours (Cheng et 
al. 2022b).  

Other cell populations affected by Siglec activity include NK cells, where reduced NK 
cell cytotoxicity stems from the binding of Siglec-7 receptors to several of the 
sialoglycan ligands expressed on the surface of tumour cells (Rosenstock and 
Kaufmann 2021). However, cleavage of these sialoglycans via sialidase enzymes 
shows decreased Siglec-7 binding and enhanced NK cytotoxicity on tumour cells 
(Jandus et al. 2014b). Additionally, Siglec-7+ NK cells have a reduced presence in 
hepatocellular carcinomas. Upon modulating Siglec-7 expression, it could be used as 
an indicator in evaluating NK cell functionality (Tao et al. 2020). Furthermore, Siglec-
9 activity can also deregulate NK cell cytotoxicity against tumour cells. In ovarian 
cancer, both MUC-16 and Siglec-9 have shown enhanced expression and their 
engagement reduced NK cell-mediated cytotoxicity (Belisle et al. 2010). However, 
similar to the blocking of Siglec-7, direct targeting of the Siglec-9/sialoglycan axis via 
antibody blockade enhanced NK cell-mediated killing of tumour cells (Jandus et al. 
2014a). Other Siglecs have also been mentioned in the modulation of NK cell-
mediated tumour killing. Siglec-10+ NK cells are present in tumour tissues and are 
associated with poor clinical outcomes and NK cell dysfunction in HCC patients 
(Zhang et al. 2015). Similarly, Siglec-3 has shown inhibitory signalling when present 
in NK cells, although it is only expressed at low levels during NK cell development 
(Freud and Caligiuri 2006; Hernández-Caselles et al. 2019). Sialylation also has a 
significant impact on the role of NK cells. The level of sialylation among NK 
subpopulations can differ, with CD56bright NK cells displaying increased sialylation over 
their counterpart CD56dim NK cells (Rosenstock et al. 2017). Furthermore, sialylation 



can be further affected following NK cell activation. NK-92 cells stimulated with IL-2 
have been shown to exhibit downregulated expression of ST8SIA1, ST6GAL1, and 
ST3GAL1 sialyltransferases and increase the presence of α2,6 glycosidic-linked 
sialoglycans (Rosenstock et al. 2020). It is worth noting that sialylation can also 
positively affect the activation of NK cells. 2B4, an NK cell receptor involved in NK cell 
activation, requires N-linked glycosylation to mediate its engagement to its ligand 
CD48. Upon desialylation of 2B4, CD48 binding is significantly increased, promoting 
enhanced NK cell activation (Margraf-Schönfeld et al. 2011).  

 
Figure 2: Engagement of myeloid cell populations with the Siglec/sialoglycan axis, consequently 
resulting in the contribution to immunosuppression and tumour heterogeneity.  

 

Furthermore, the Siglec-Sia axis remains highly heterogeneous, with several 
pathways corresponding to tumour progression and metastasis. Expression of Siglec-
10 on the surface of TAMs alongside interactions with CD24 elicits upregulated 
inflammatory and immunosuppressive signalling that coincide with tumoural 
progression (Barkal et al. 2019). Siglec-8 engagement with its binding partner, CD11b, 
promotes eosinophil cell death via non-canonical SYK and SHIP1 downstream 
signalling (Carroll et al. 2021). Furthermore, CD11b is also involved as a key binding 
partner for Siglec-15 on T-cells for tumour evasion following downstream signalling 
(Lenza et al. 2023). In addition to this, Siglec-15 is capable of inducing EMT through 
Beckub-1/ATG14-mediated autophagy in osteosarcoma cells (Zheng et al. 2022). 
Transcriptional regulation of SIGLEC15 was further elucidated in hepatocellular 



carcinoma cells via ETS-1 and ETS-2 transcription factor binding to the promoter 
region of SIGLEC15 (Sheng et al. 2023). Enhanced sialylation of hepatocarcinomas 
in an α2,6-linked-dependant manner is capable of interacting with Siglec-2 and 
promoting adhesive signalling, facilitating greater adhesion to neighbouring lymph 
nodes (Wang et al. 2015). Many Siglecs display interactions across multiple signalling 
pathways, some of which remain to be fully elucidated. Further mechanistic studies 
that highlight Siglec modulation and key signalling pathways at the transcriptional and 
protein levels could emphasise possible alternative routes for Siglec blockade. 
Moreover, this will provide a better understanding of how the Siglec/Sia axis modulates 
the immune landscape.  

Tools to Study Siglec-Sialoglycan Axis in Cancer Immune Response 

A prevalent post-translational alteration arising on the glycoproteins and glycolipids on 
the surface of cancer cells is hypersialyation (Lim et al., 2021). Such hypersialylated 
molecules participate in cell-to-cell interactions and immune response regulation (Lim 
et al., 2021). Currently, studying the impact of the Siglec-sialoglycan axis in cancer 
immune response involves employing several models and techniques. In this context, 
a number of these models and methods are further elaborated upon. 

1. Mouse models 

1.1. Siglec-7/9 isogenic mouse model 

After generating a mouse line that carries human Siglec-7 and Siglec-9 under their 
human regulatory elements on a C57BL/6 mouse, Ibarlucea-Benitez et al. crossed 
transgenic Siglec-E knockout mice with the resulting Siglec-7/9 transgenic mouse. 
This resulted in a humanised Siglec-7/9 mouse model lacking the Siglec-E murine 
homologue (Ibarlucea-Benitez et al., 2021). They then experimentally evaluated the 
expression and blockade of Siglec-7 and Siglec-9, concluding the utility of this mouse 
model in studying potential immunotherapy targets and improving antitumour 
immunity. This stemmed from this mouse model expressing human Siglec-7 and 
Siglec-9 on tumour-infiltrating leukocytes and peripheral blood mononuclear cells 
(Ibarlucea-Benitez et al., 2021). 

1.2. Siglec-15 knockout mouse model 

The crossing outcome of a Siglec-15-loxP mouse with CMV-Cre mouse or LysM-Cre 
mouse is one of generating a Siglec-15 whole body KO mouse or myelomonocytic cell 
KO mouse model, respectively (Wang et al., 2019; Läubli et al., 2021a). The 
application of these knockout mouse models in Siglec-15 in vivo studies revealed 
potential therapeutic effects of Siglec-15 in cancer. For instance, by employing a 
Siglec-15 KO mouse model, Wang and colleagues showed that genetic ablation of 
Siglec-15 impeded tumour growth as a result of improved antitumour immunity in the 
tumour microenvironment (Wang et al. 2019).  

 



1.3. Siglec-E knockout mouse model 

This Siglec-E knockout mouse model, also referred to as Siglec-E-/-, was used in 
several studies exclusively and/or in combination with further crossings (Läubli et al. 
2014; Li et al. 2022). There are two versions reported of this KO model (Läubli et al. 
2021). The obtention of the first version consisted of the substitution of exons 1 and 2 
with a neomycin cassette in 129 embryonic stem cells. In other words, the neomycin 
was inserted into the Siglec-E gene in an Sv/129 mouse background. Then, the 
ensuing Siglec-E-deficient mice underwent more than 15 generations of backcrossing 
to obtain a C57BL/6 background, also referred to as Siglec-E-/- mice (Läubli et al. 
2021; McMillan et al. 2013). The second version consists of deleting a segment of 11 
base pairs (11-bp) at the 3’ end of exon 3 of the Siglec-E gene (Ibarlucea-Benitez et 
al. 2021).  

1.4. Siglec-E16 knockout mouse model  

The Siglec-E16 KO mouse model, also referred to as SigE16, is characterised by the 
expression of chimeric Siglec receptor in conjunction with the extracellular domain of 
Siglec-E and the transmembrane and intracellular domain derived from the activating 
human Siglec-16 receptor (Siddiqui et al. 2019; Stanczak et al. 2018). According to 
Stanczak et al. a reduction in tumour size was observed in SigE16 mice compared to 
wild-type Siglec-E-expressing mice (Stanczak et al. 2018). 

1.5. Siglec 9-SigE−/− LysM-Cre-expressing murine mouse model 

The cDNA of human Siglec-9 was cloned into a loxP-flanked GFP expressing vector 
under the minimal chicken β-actin (CAG) promoter, followed by a stop codon at the 
upstream position. The outcome was then electroporated into S129/Sv embryonic 
stem cells. Subsequently, the mice were backcrossed into a SigE−/− C57BL/6 
background and were then further crossed with SigE−/− LysM-Cre–expressing mice. 
After the GFP removal and human Siglec-9 expression, the mouse models were used 
in a series of experiments. Läubli and colleagues concluded that a human 
polymorphism that reduced the binding affinity of Siglec-9 to carcinomas was mutually 
associated with enhanced early survival in patients with non–small-cell lung cancer 
(Läubli et al. 2014). This suggested that within the appropriate time and stage of the 
malignancy, Siglec-9 represents a potential immunotherapeutic target (Läubli et al. 
2014).   

2. Monoclonal antibodies and blocking antibodies  

The utilisation of monoclonal antibodies is another approach to studying the impact of 
Siglec-sialoglycans on cancer immune response. The ability of monoclonal antibodies 
(mAb) to target specific Siglec receptors has enabled the probing of these interactions 
through engineered mAbs  (Du et al. 2021; Jiang et al. 2022; Wang et al. 2019). 

For instance, anti-Siglec-15 mAb was prepared to target Siglec-15, a novel 
immunosuppressor expressed on tumour cells and tumour-associated macrophages  
(Fudaba et al. 2021). The study showed that the obstruction of Siglec-15-mediated 



suppression of T-cells by anti-Siglec-15 mAb was verified both in vitro and in vivo; 
indeed, the blockage of this immunosuppressor was also found to play an essential 
role in preventing tumour growth (Wang et al. 2019). 

The above was also supported by gene expression profiling in premetastatic lymph 
nodes in colorectal cancer. The conclusions drawn from the study stated that the 
SIGLEC15 gene was found to exert a crucial role in the immunosuppression of sentinel 
lymph nodes in colorectal cancer. This suggested that silencing SIGLEC15 could 
afford the therapeutic potential for the restoration of T-cell function in tumour-sentinel 
lymph nodes (Du et al. 2021). 

3. Sialic acid mimetics  

Sialic acid mimetics, also known as SAMs, have emerged as versatile tools for 
investigating the impact of Siglecs on the cancer immune response (Läubli et al. 
2021a). These synthetic compounds structurally mimic sialic acid, allowing 
researchers to modulate the interactions between Siglecs and sialoglycans in a 
controlled setting. One approach to achieve the mimetic effect of SAMs is by 
Sialoglycan ligand modification at different carbon positions. This results in improved 
Siglec-Sia axis interaction, targeting, and inhibition (Läubli et al. 2021a).    

An additional approach to studying the role of sialic acid and Siglec axis in cancer 
immune modulation involves the introduction of SAMs onto polymers, nanoparticles, 
and living cells. This is enabled by the glycobiotechnology field, which comprises the 
employment of biorthogonal synthesis (Ghosh, 2020). 

For instance, gold nanoparticles (AuNPs) were coated with sialic acid. Both in vitro 
and in vivo studies showed the efficiency of the sialic acid-mPEG-AuNPs in targeting 
tumour cells and enhancing accumulation at the tumour site. This was enabled by the 
aptitude of the sialic acid-coated AuNPs to evade reticuloendothelial system (RES) 
uptake (Kim et al. 2017). 

In the same context, it has been reported that the targeted delivery of synthetic sialic 
acid inhibitors, including sialic acid-blocking glycomimetic, restrained cancer 
metastasis. The introduction of antibodies coated with sialic acid-blocking 
glycomimetic [P-3F (ax)-Neu5Ac] in a murine lung cancer model showed successful 
targeted delivery to tumour cells and significant inhibition of cancer metastasis (Büll et 
al. 2015). 

 

4. Siglec fusion proteins or Siglec-Fc proteins 

Another promising tool with which to study cancer and develop novel treatments is 
fusion proteins. These proteins, also known as Siglec-Fc proteins, combine Siglec with 
the Fc part of the human antibody (Chi et al. 2023). Fusion proteins also afford 
analytical tools for examining Siglec ligand distribution on different cell lines and 
identifying potential therapeutic strategies (Chi et al. 2023).  



For instance, stimulatory Siglec-14-Fc and inhibitory Siglec-5-Fc fusion proteins were 
used to investigate the impact of tamoxifen on the interaction between these fusion 
proteins in breast cancer cell lines (Wielgat et al. 2023). Despite structural similarities 
and equivalent ligand binding abilities, the use of these fusion proteins allowed the 
determination of significant distinctions noted in their binding patterns. More 
specifically, in response to tamoxifen, Siglec-5 Fc protein showed significantly 
enhanced binding to MCF-7 cells. These findings could pave the way for the prediction 
of tumour behaviour, substantiation of therapeutic regimens, and overall survival of 
patients (Wielgat et al. 2023).  

5. Sialoglycan arrays 

Glycans are among the four biopolymers essential to all living organisms. Yet, glycans 
exhibit different biosynthesis mechanisms as they are not “template-driven” and 
current approaches lack the ability to reliability predict their structures and precise 
mechanisms of action (Deng et al. 2013; Läubli et al. 2021). Among the different 
monosaccharide constituents of glycan are sialic acids (Sias). These α-keto acids 
possess a distinctive nature that consists of a nine-carbon backbone (Deng et al. 2013; 
Läubli et al. 2021). Sialoglycans arrays or microarrays have developed the screening 
of glycan-binding proteins. This revolutionisation led to the development of large 
glycan libraries that facilitated the study of the binding specificities of glycans and their 
potential application in the detection and identification of different inhibitors and 
biomarkers (e.g., cancer biomarkers) (Deng et al. 2013). 

Future perspectives 

Highlighting the future of the cancer landscape with regard to the Siglec/sialoglycan 
axis presents an exciting avenue for continued research to further elucidate the role 
of Siglec immunomodulation and its impact on the TME. More importantly, future 
research directions to expand our understanding could be possible through further 
characterisation of the Siglec-15 protein and its binding to the STn antigen. 
Furthermore, this may highlight the reasons why only Siglec-15 is expressed on the 
surface of tumour cells and the mutually exclusive expression with respect to PD-L1. 
Secondly, further elucidation of the Siglec expression patterns and downstream 
signalling pathways may highlight their impact not just within the cancer setting but 
also their roles in autoimmune diseases, which has seen only limited research. Thirdly, 
further insights into the crosstalk of Siglec-sialoglycan binding in conjunction with other 
immune checkpoint proteins and signalling pathways may identify novel therapeutic 
downstream targets that are involved in immunomodulation and allow synergistic 
targeting of multiple immune checkpoint proteins via therapeutic intervention.  

However, there are several areas that pose challenges in translating effective Siglec 
therapies for Siglec blockade. The usage of murine models lacks the genetic variation 
associated with the wider human population, emphasising the difficulties of translating 
Siglec-targeted therapies towards the clinic. Therefore, further development of pre-
clinical murine models may underline the crosstalk of Siglecs with the TME and the 
generation of an immune response.  



 

There are several clinical treatment strategies that are capable of modulating the 
Siglec/sialoglycan axis (Figure 3). Current blocking antibodies are in trial for emerging 
Siglec checkpoints, including Siglec-15 with NC318 (NCT04699123) and PYX-106 
(NCT05718557) in the treatment of solid tumours (Huang et al. 2023). The use of a 
combination of therapies to modulate Siglec-15 activity provides a multifaceted 
approach that can be used in collaboration with other immune checkpoint antagonists, 
such as Atezolizumab, for targeting PD-L1. Furthermore, optimising current 
immunotherapies, including CAR-T cell therapies, may provide synergistic effects and 
optimise the immune response. Moreover, the usage and development of Siglec-
targeting small molecule inhibitors in conjunction with conventional anti-cancer 
therapies may also improve patient response upon further experimental validation.  

 

  

Figure 3: Current clinical treatment interventions involved in targeting the Siglec/sialoglycan axis to 
inhibit functional activity and promote myeloid activation and subsequent immune response generation 
to inhibit tumour progression.  

 

Deregulated Siglec expression patterns correlate with poor prognosis, further 
emphasising their usage as specific tumour biomarkers. Further research that 
identifies novel therapeutic agents that block Siglec-mediated signalling pathways 
may provide treatment alternatives following pre-clinical and clinical trials. This will 



culminate in the optimised efficacy and safety of Siglec-targeted therapies and 
subsequent integration into standard immunotherapeutic treatment regimens. There 
is a plethora of information on the non-canonical expression and functions of Siglecs. 
It is crucial to delve into this area in terms of cancer immune response (Siddiqui 2023).  

 

Conclusion 

To conclude, this review has highlighted the potential implications of the 
Siglec/sialoglycan axis on the tumour landscape and its role on the TME. Further 
elucidation of inhibitory Siglec-mediated signalling pathways might highlight 
opportunities for the development of novel therapeutic agents for cancer treatment. 
Moreover, current models studying the Siglec/sialoglycan axis provide significant 
insights into Siglec-mediated tumour heterogeneity in the context of the cancer setting. 
However, a number of these models and techniques could be further improved upon. 
Likewise, there may be a shift in the development of blocking antibodies to other 
Siglec-targeting methods used in conjunction with conventional treatment/immune 
checkpoint antagonists/current immunotherapies which may provide easier integration 
with standard treatment regimens. Ultimately, the crosstalk between the Siglec-
sialoglycan axis highlights its role in modulating the tumour landscape and tumour 
heterogeneity.  
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