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Abstract

Ovarian cancer remains a formidable challenge in oncology due to its late-stage diagnosis and limited treatment options.
Recent research has revealed the intricate interplay between glycan diversity and the immune microenvironment within ovar-
ian tumors, shedding new light on potential therapeutic strategies. This review seeks to investigate the complex role of glycans
in ovarian cancer and their impact on the immune response. Glycans, complex sugar molecules decorating cell surfaces and
secreted proteins, have emerged as key regulators of immune surveillance in ovarian cancer. Aberrant glycosylation patterns
can promote immune evasion by shielding tumor cells from immune recognition, enabling disease progression. Conversely,
certain glycan structures can modulate the immune response, leading to either antitumor immunity or immune tolerance.
Understanding the intricate relationship between glycan diversity and immune interactions in ovarian cancer holds promise
for the development of innovative therapeutic approaches. Immunotherapies that target glycan-mediated immune evasion,
such as glycan-based vaccines or checkpoint inhibitors, are under investigation. Additionally, glycan profiling may serve as a
diagnostic tool for patient stratification and treatment selection. This review underscores the emerging importance of glycan
diversity in ovarian cancer, emphasizing the potential for unraveling immune interplay and advancing tailored therapeutic
prospects for this devastating disease.
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Introduction A more accurate classification on the basis of histological
and molecular genetic characteristics assumes two different

Ovarian cancer is the deadliest of all female cancers, with  pathogenesis pathways: "low-grade" type I tumors develop

a poor survival rate at 5 years of approx. 50,8%, which has
barely improved in recent decades [1]. Because symptoms
are usually vague at early stages, ovarian cancer is often
diagnosed at advanced stages, making it difficult to cure
[2]. There are three main types of ovarian cancer: epithelial
carcinoma, germ cell cancer, and sex-cord-stromal cancer,
with the latter two accounting for only approximately 5%
of all ovarian cancers [3]. Epithelial ovarian cancer can be
further classified into four primary histological subtypes:
serous, endometrioid, mucinous and clear cell carcinoma.
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gradually from benign precursors in the ovary via border-
line tumors to invasive carcinomas, and "high-grade" type II
tumors develop rapidly without detectable precursor lesions
from tubal epithelia [4, 5]. While the first type of tumor has
characteristic gene alterations according to the specific mor-
phological type, i.e., KRAS and BRAF mutations in serous
and mucinous carcinomas and alterations in the p-catenin
and PTEN genes in endometroids, type II tumors show
marked chromosomal instability, and 50-80% of cases at
all stages have p53 mutations, suggesting an early event in
tumorigenesis [6].

Despite the relatively well-characterized genetic and bio-
logical differences between the aforementioned subtypes,
no type-specific therapeutic targets have been identified
thus far. The usual treatment is surgical removal to reach
no residual disease and platinum-based chemotherapy sup-
plemented with antiangiogenic agents [7]. A major improve-
ment in maintenance therapy has been achieved via the use
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of inhibitors against poly (ADP—ribose) polymerase (PARP)
molecules, which are involved in the DNA damage repair
process. Although the majority of ovarian cancer patients
initially respond well to current treatments, 70% experience
relapse, underscoring the critical need for novel therapeutic
strategies. Despite the promise of immuno-oncological treat-
ments for ovarian cancer, as evidenced by high concentra-
tions of tumor-infiltrating lymphocytes significantly corre-
lating with improved survival rates [8], initial clinical studies
have yielded disappointing results. Very modest single-agent
activity of various antibodies targeting programmed cell
death protein 1 (PD-1) or its ligand PD-L1, with response
rates ranging from 4 to 15%, has been reported [9]. Several
reasons for this low response rate have been suggested, i.e.,
low expression levels of immune checkpoint molecules on
ovarian cancer cells as well as a low tumor mutational bur-
den, which was recently described as an effective predictive
biomarker of the response to immunotherapy [10, 11]. How-
ever, a significant gap remains in our understanding of the
molecular processes governing tumour-immune interactions.
Within this framework, glycosylation is garnering increas-
ing attention due to its relevance, given that the majority
of membrane proteins, including immune checkpoint mole-
cules, are glycoproteins, and differential glycosylation could
exert a profound effect on the modulation of the immune
response in cancer.

Glycosylation, the most prevalent and intricate posttrans-
lational modification, plays a significant role in expanding an
organism's proteome beyond what is encoded by the genome.
Furthermore, it has profound effects on various cellular pro-
cesses, including cell growth, differentiation, transformation,
adhesion, and immune surveillance against tumors [12, 13].
Cell surface glycans and glycolipids constitute the major
portion of the membrane (glycocylyx), secreted and proteo-
litically shed molecules from all cell types. The major types
of cell surface glycans include N-linked glycans, O-linked
glycans, glycosaminoglycans (GAGs) and glycosphin-
golipids (Fig. 1). The two primary forms of glycosylation,
N-glycosylation and mucin-type O-glycosylation, involve a
series of enzymatic reactions occurring in the endoplasmic
reticulum (ER) and Golgi complex. Abnormal glycosyla-
tion has been implicated in a wide range of human diseases,
including autoimmune disorders [14], infections caused
by bacteria and viruses [15], parasites [16], and, notably,
cancer [17]. Owing to the intricate nature of protein gly-
cosylation and its profound influence on various biological
processes, it is unsurprising that even minor modifications
in carbohydrate structure can have a substantial effect on
cellular biology. Considering that neoplastic transformation
involves alterations in cellular behavior and modifications in
protein glycosylation, achieving a thorough understanding of
the mechanisms and implications of glycosylation changes
associated with neoplastic disease is crucial [18]. Although
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there has been considerable interest in their role in cancer
aggressiveness, the interaction between glycosylation and
the immune system has largely been neglected. However,
there is a consensus that changes in glycosylation profoundly
influence how tumors are recognized by the immune system
and can trigger immunosuppressive signaling by interacting
with glycan-binding proteins [19].

In this review, the primary emphasis is placed on studies
examining alterations in glycoprotein glycans, specifically
in ovarian cancer. We explore the effects of these modifica-
tions on the progression of neoplastic disease, particularly
in relation to the glycan-mediated immune response. Fur-
thermore, we illuminate potential avenues for utilizing these
changes as diagnostic indicators and targets for therapeutic
interventions.

Aberrant glycosylation in ovarian cancer

Research in cancer glycobiology provides evidence that the
glycome present on the surface of cancer cells, released extra-
cellular vesicles, and secreted molecules undergo fundamental
changes [20]. Overall, the altered glycosylation observed in
cancer cells, including those arising from the ovaries or fallo-
pian tubes, is a complex phenomenon influenced by multiple
factors, including dysregulated glycosyltransferase activity,
changes in the tumor microenvironment, inflammation, and
the generation of tumor-specific glycan structures [17]. These
alterations give rise to cancer-associated glycosignatures that
are distinguishable from those found in healthy cells [18]. In
this context, an ongoing observational study is prospectively
recruiting deidentified blood samples and data from women
with known pelvic masses to validate ovarian cancer-specific
glycosignatures and further distinguish benign from malignant
diagnoses. The underlying technology of this liquid biopsy-
based trial combines mass spectrometry and artificial intel-
ligence/machine learning to detect tumor-associated changes
in circulating glycoproteins (NCT03837327).

In this section, we review and describe recent findings
on the role of altered glycosylation in ovarian cancer, with
a focus on N-glycans, O-glycans, glycosphingolipids and
glycosaminoglycans, as depicted in Fig. 1.

N-glycosylation

In the process of N-glycosylation, an oligosaccharide pre-
cursor (Glc;MangGIeNAc,-P-P-Dolichol) is initially synthe-
sized in the ER through the collaborative action of enzymes
from the asparagine-linked glycosylation (ALG) and
dolichol-phosphate mannosyltransferase (DPM) families.
This precursor is tethered to a lipid (dolichol) and serves
as the foundation for N-glycan assembly. This lipid-linked
precursor is subsequently cotranslationally transferred to
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Fig. 1 Schematic representation of aberrant glycan structures
expressed in ovarian cancer cells (gray box) in modified IUPAC-con-
densed nomenclature via the web application GlycoGlyph [167]. The
corresponding glycan-binding receptors on the endothelium (blue)
and immune cells (green) are depicted, along with the cellular effects
they mediate. Double-headed arrows indicate interactions between
glycans and glycoreceptors. Terminal Lewis structures on N-glycans
interact with E- and P-selectins on endothelial cells, playing a cru-
cial role in shaping both local and systemic immune responses. High-
mannose glycans are recognized by CD206 on macrophages and, like
O-glycosidic Tn and STn antigens, contribute to an immunosuppres-
sive environment through engagement of CD301 on CDC2 and M2
macrophages. In ovarian carcinoma, tumor-specific glycosphingolip-
ids induce T-cell arrest by interacting with Siglec-9 and Siglec-10
on CD8+ T cells, further promoting immune evasion. Additionally,

asparagine (Asn/N) residues within newly synthesized pro-
teins. This transfer is facilitated by an oligosaccharyltrans-
ferase (OST) complex, with ribophorin (RPN1) serving as
the catalytic subunit [21].

The N-glycan, which is now attached to the protein,
undergoes a series of sequential modifications. Enzymes
such as glucosidases (GCS1, GANAB) and mannosidases
(including MAN1A1) collaboratively trim the glycan struc-
ture. Moreover, glycosyltransferases, notably mannosyl-gly-
coprotein N-acetylglucosaminyltransferases (e.g., MGAT1),
add further modifications. This complex process results in
a diverse array of N-glycans, which can be categorized into
various types, including high-mannose, complex, or hybrid
structures [22].
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glycosaminoglycans (GAGs) expressed in ovarian carcinoma, such as
keratan sulfate (KS-III), contribute to immunosuppression. The het-
erogeneous sulfation patterns of these GAGs serve as further exam-
ples of their complexity. Cytosolic proteins from ovarian carcinoma
cells, modified by O-GlcNAc, can be transported to the tumor micro-
environment via exosomes and subsequently internalized by immune
cells. This mechanism supports immune evasion and further under-
mines the host immune response against the tumor. Fuc, fucose;
Gal, galactose; GalNAc, N-acetylgalactosamine; Glc, glucose; GlcA,
glucuronic acid; GIcNAc, N-acetylglucosamine; IdoA, iduronic acid;
Man, mannose; NeuS5Ac, N-acetylneuraminic acid (sialic acid); Xyl,
xylose; S, sulfate group; K, keratan sulfate; HS, heparan sulfate; DS,
dermatan sulfate; CS, chondroitin sulfate; HA, hyaluronic acid; Cer,
ceramide

Alterations in N-glycan structures and deregulation of
associated glycosylation enzymes in ovarian cancer have
been extensively described in recent decades [23, 24]. More
specifically, the significance for diagnosis, prognosis, and
treatment response has been assessed by analyzing different
body fluids, such as serum, tumor tissue, and ascites [25].
Reports on the effects of altered N-glycosylation on tumor
cell function have further supported the central importance
of this specific posttranslational modification in the patho-
genesis and progression of ovarian cancer [23]. In this con-
text, the N-glycan-mediated modulation of tumor-immune
cell interactions has gained particular interest.

As mentioned earlier, one of the reasons for the high
mortality rate in patients with ovarian cancer is the lack
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of sensitive diagnostic markers at early stages. In this
context, using MALDI-TOF-MS, Biskup and colleagues
developed a serum N-glycan score (GLYCOV) capable of
differentiating between early-stage ovarian cancer patients
and healthy volunteers, with a sensitivity of 95%, which
was 35% higher than that of CA125. Notably, the GLY-
COV exhibited superior performance (95% sensitivity and
80% specificity) compared with CA125 (60% sensitivity
and 65% specificity) in distinguishing early-stage epithe-
lial ovarian cancer patients from benign ovarian disease
patients. The GLYCOV score was calculated from the rela-
tive areas of 11 N-glycan biomarkers, namely, four high-
mannose and seven complex-type fucosylated N-glycans.
Here, the authors hypothesize that even at early stages,
cytokines produced by ovarian cancer cells induce the pro-
duction of acute phase proteins released by hepatocytes
and modulate their N-glycosylation pattern [26]. Similarly,
increased levels of tri- and tetra-antennary oligosaccha-
rides structures were found in the serum of ovarian can-
cer patients compared with healthy donors, and this trend
was often enhanced in follow-up samples during treatment
and disease progression [27]. Identical modulation of the
N-glycome was found in ascitic fluid from patients with
advanced ovarian cancer, although quantitatively, the
antennal, sialylation, and fucosylation of the outer anten-
nae were reduced, likely due to differences in protein com-
position between the two fluids [28].

Modulation of N-glycans has also been described in tumor
tissue samples from ovarian cancer patients. Regiospecific
N-glycan sialylation has been observed in both the tumor
and tumor-stroma tissues of ovarian cancer patients, as well
as in tumors with low malignant potential, such as border-
line tumors [29]. Here, higher expression of high-mannose
glycans and lower expression of hybrid-type glycans were
found in epithelial ovarian cancer samples than in healthy
controls [30]. Distinct N-glycan structures were identified
in association with specific stages and molecular subtypes
[31]. Notably, the 'differentiated’, 'stromal’,' and 'mesenchy-
mal' subtypes were enriched in sialylated and/or fucosylated
intact glycopeptides, whereas the 'immunoreactive' and 'pro-
liferative' subtypes presented elevated levels of intact glyco-
peptides characterized by a high mannose content [32]. In
addition, within heterospheroids, ovarian cancer stem cells
(CSCs) are responsible for driving the increased expression
of the M2 macrophage marker CD206 compared with that
in bulk ovarian cancer cells. CD206 is a C-type lectin that
binds high-mannose glycans, implying a fundamentally more
immunosuppressive program. Moreover, a more sustained
elevation in aldehyde dehydrogenase (ALDH) activity within
heterospheroids that harbor prepolarized CD206 positive M2
macrophages was noted, indicating a mutually reinforcing
interaction that fuels both protumoral activation and self-
renewal of CSCs [33].
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In line with these findings, an oncogenic role of the
a-mannosidase MAN1A1 has been described in ovarian
cancer. Here, high MAN1A1 levels in tumors were associ-
ated with shorter overall survival (OS) and recurrence-free
survival (RFS) in ovarian cancer patients. Mechanistically,
reduced MAN1AL activity alters the ability of tumor cells
to aggregate during peritoneal dissemination by modulating
the function of various adhesion molecules, such as activated
leukocyte cell adhesion molecule (ALCAM) [34]. Modula-
tion of the N-glycome in ovarian cancer cell lines [35, 36]
and its effects on cellular properties and functions such as cell
adhesion, survival, epithelial-mesenchymal transition, and
chemoresistance [37—42] have been studied in detail in vitro.
The latter is of clinical relevance, as a panel of three elevated
glycan structures (Lewis-type biantennary glycan, Lewis-type
triantennary trisialylated glycan) in combination with ovarian
cancer-related tumor marker 125 (CA125) has been shown to
discriminate between therapy-sensitive and therapy-resistant
patients [43]. Extracellular vesicles (EVs) derived from ovar-
ian cancer cells display distinct protein glycosylation patterns
that reflect the glycosylation status of the original tumor cells
and may serve as potential biomarkers for ovarian cancer. The
glycoprotein galectin-3 binding protein (LGALS3BP) was
identified in cancer-derived EVs for the first time in ovarian
cancer [44, 45]. In a study involving 73 ovarian cancer patients
and 70 patients with benign gynecological conditions, elevated
serum levels of LGALS3BP and CA125 were observed. When
both markers were combined, the sensitivity increased to 86%.
LGALS3BP expression is correlated with tumor differentia-
tion grade and recurrent disease during chemotherapy, sug-
gesting the potential use of LGALS3BP and CA125 for ovar-
ian cancer detection and monitoring [46]. In another study,
tandem mass spectrometry analysis of the secretome from
early-stage 3D ovarian cancer models revealed LGALS3BP
as one of the top five candidate biomarkers. This finding was
validated in more than 200 primary early-stage ovarian cancer
tissues, with LGALS3BP being expressed in 43% of stage I/I1
tumors and 62% of stage III/IV tumors, indicating a positive
association with tumor recurrence [47]. Additionally, a link
between LGALS3BP and interferons (IFNs) was established in
ovarian cancer. Both IFN-a and IFN-y were found to increase
LGALS3BP mRNA expression and secretion in ovarian car-
cinoma cell lines, whereas other treatments, such as IL-1f and
TNF-a, did not consistently affect LGALS3BP secretion [48].

0-glycosylation

2.2.1 O-GalNAc glycosylation

Aberrant O-GalNAc glycosylation plays a significant role in
various key processes associated with cancer, and changes

in O-glycosylation are common [49]. O-glycosylation, a
prevalent and diverse posttranslational modification, occurs
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within the Golgi apparatus and involves a sequential cas-
cade of enzymatic reactions catalyzed by multiple glyco-
syltransferases. The synthesis of O-glycans begins with
the transfer of N-acetylgalactosamine (GalNAc) to serine,
threonine or tyrosine residues on proteins, which is medi-
ated by a family of 20 polypeptide GalNAc-transferases
(GalNAc-Ts). This initial step results in the production of
the Tn antigen (GalNAc-al-O-Ser/Thr/Tyr), also termed
the Thomsen-Nouveau antigen [50]. The Tn antigen subse-
quently undergoes further branching and capping through
subsequent processing steps involving a wide array of
distinct glycosyltransferases. The addition of a galactose
(Gal) residue to the Tn antigen results in the formation of
the T antigen, also known as the Core 1 structure (Galf1-
3-GalNAcal-O-Ser/Thr) or the Thomsen-Friedenreich
(TF) antigen. This enzymatic reaction is carried out by
the enzyme T-synthase (core 1 f3-galactosyltransferase).
The correct folding of T-Synthase is facilitated by a chap-
erone called COSMC (Core 1-Specific-Molecular-Chap-
erone) [51]. In situations where functional T-synthase
is absent, the addition of an N-acetylneuraminic acid
(Neu5Ac) residue to the GalNAc produces the STn antigen
(NeuSAca2-6GalNAca-O-Ser/Thr/Tyr), which is catalyzed
by the sialyltransferase ST6GalNAc-I [52]. In normal cells,
O-glycosylation advances to produce complex O-glycans,
which are frequently modified with sialic acid. Elevated
global sialylation is strongly associated with cancer and can
profoundly affect cell adhesion, cellular recognition, and
cell signaling [20]. In ovarian cancer, Tn/STn glycans are
detectable, with studies revealing a link between the abnor-
mal expression of GalNAc-Ts and increased tumor aggres-
siveness [53]. Moreover, the overexpression of CIGALTI
might interfere with correct T-Synthase folding and activity,
thereby contributing to Tn and STn antigen expression (54).
Secreted or shed STn antigen-containing O-glycoproteins
can enter the bloodstream, providing a straightforward and
noninvasive method for the diagnosis and postoperative
monitoring of serum tumor markers. The presence of a sub-
stantial tumor mass is typically required for this process,
making it more common in advanced cancers. Elevated lev-
els of STn (> 38 U/mL) have been identified in the serum
of patients with various types of cancer, including ovarian
cancer [55, 56]. Additionally, ovarian cancer cells positive
for STn are more frequently found at the invasive front of
tumors and less commonly in metastatic lesions [57]. Fur-
thermore, Tn and STn expression is associated with a poor
prognosis in ovarian cancer patients [58].

0-GIcNAc glycosylation
O-GlcNAc glycosylation, also known as O-linked p-N-

acetylglucosamine glycosylation, is a type of posttransla-
tional modification in which a single sugar molecule called

N-acetylglucosamine (GIcNAc) is attached to serine or thre-
onine residues of cytosolic proteins. This modification is
highly dynamic and reversible, with O-GIcNAc transferase
(OGT) adding the GIcNAc group and O-GlcNAcase (OGA)
removing it. O-GlcNAc glycosylation regulates numerous
key cellular processes, including protein stability, signal-
ing, transcriptional regulation, metabolism, cell cycle con-
trol, and protein—protein interactions [59]. In vitro studies
have shown that O-GlcNAcylation enhances RhoA/ROCK
signaling, resulting in increased migration and invasion of
ovarian cancer cells [60], and that changes in O-GIcNAc
homeostasis activate the p53 pathway [61]. Furthermore,
O-GlcNAcylation of SNAP-23 regulates exosome secretion,
whereas downregulation of OGT is positively correlated
with exosome release and promotes cisplatin efflux [62].
Recently, a study revealed a link between O-GlcNAc and
tumor immune evasion and suggested strategies for improv-
ing PD-L1-mediated immune checkpoint blockade therapy
by inhibiting O-GlcNAcylation [63].

Glycosphingolipids

Glycosphingolipids (GSLs) are glycolipids found on the cell
surface and are classified into ganglio-, globo-, and lacto-
series on the basis of their core structures. Each ganglio-
side series is linked to specific cell types or tissues and can
influence cell adhesion and signaling properties [64]. Within
the ganglioside and globo families, certain members exhibit
distinct expression patterns in ovarian cancer [65].

Gangliosides

Gangliosides are a subclass of GSLs characterized by the
presence of one or more sialic acid residues. These mol-
ecules are involved in various cellular processes, including
cell adhesion and signaling. Gangliosides interact with phos-
pholipids, cholesterol, and transmembrane proteins, playing
crucial roles in these cellular functions [64].

Disialogangliosides GD2 and GD3 In a retrospective study,
the tumor markers gangliosides GD2 and GD3 were evalu-
ated as potential diagnostic biomarkers for ovarian cancer.
This study analyzed stored tissue and serum samples from
patients diagnosed with invasive epithelial ovarian cancer,
as well as samples from healthy donors, individuals with
nonmalignant gynecological conditions, and those with
other types of cancer. GD2 and GD3 were present in tis-
sues from all stages and subtypes of ovarian cancer accord-
ing to the FIGO (Fédération Internationale de Gynécologie
et d'Obstétrique) classification but were absent in adjacent
healthy tissues and other control samples. Furthermore,
elevated levels of GD2 and GD3 were detected in the serum
of ovarian cancer patients [66]. The diagnostic model based
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on these gangliosides outperformed the standard biomarker
CA125 in diagnosing ovarian cancer, including early-stage
(I/II) ovarian cancer [67]. In the overall population (FIGO
I-1V), a combination of GD2+ and GD3+ age yielded a
sensitivity of 97.6%, surpassing CA125's sensitivity of
63.4% (p<0.001) while maintaining similar specificity
levels (91.2% and 91.8%, respectively). Within the early-
stage subset (FIGO I-II), both GD2+, GD3+, age and
CA125 exhibited comparable specificity (91.2% and 91.8%,
respectively), yet GD24, GD3+, age achieved a sensitivity
of 100%, whereas CA125 demonstrated a lower sensitivity
(57.1%) [67].

Exosomes containing GD3, which are isolated from the
ascites of human ovarian tumors, were found to cause the
arrest of T cell activation when exposed to ganglioside for
a short period. However, this exposure did not lead to T cell
apoptosis, indicating that prolonged exposure to gangliosides
is required to induce T cell death. Additionally, the inhibi-
tory effect of GD3-induced arrest appeared to be depend-
ent on the presence of sialic acid groups, as the enzymatic
removal of these groups reversed the inhibitory effect [68].

Globo family

The core structure of Galal-4Galf1-4Glcp-Cer is shared
by the Globo family of GSLs. Within this family, there are
tumor-associated carbohydrate antigens (TACAs), such
as stage-specific antigen 3 (SSEA-3, also known as GBS),
Globo-H (SSEA-3b), and SSEA-4. Among these, Globo-H
and SSEA-4 have been extensively studied as potential tar-
gets. Both Globo-H and SSEA-4 are derived from SSEA-3,
differing only in their terminal moieties, which are fucose
and sialic acid, respectively [69]. GSLs, particularly the
globo and ganglio series, are associated with and contrib-
ute to the transition between epithelial and mesenchymal
cells. The dynamic changes in GSL composition provide
additional support for the concept of cancer cell plasticity.
Moreover, emerging evidence indicates that ganglioside
dependent, calcium-mediated mechanisms play a role in
maintaining mesenchymal cell characteristics [70]. The
GSL P, is an ovarian cancer-associated carbohydrate antigen
involved in migration [71].

Globo-H The GSL Globo-H is highly expressed in ovarian
and other epithelial cancers. Globo-H has been implicated
in promoting immunosuppression, angiogenesis, and tumor
metastasis [72], and naturally occurring antiglycan antibod-
ies that bind to Globo H-expressing cells can be found in
ovarian cancer patients [73]. Developmentally, Globo-H is
expressed primarily in undifferentiated embryonic stem cells
(ESCs) and disappears upon differentiation [74]. In normal
differentiated tissues, its expression is low and is confined
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mainly to glandular epithelial cells that are inaccessible to
the immune system [72]. In contrast, Globo-H is present on
the outer membrane of cancer cells, making it an intrigu-
ing target for immunotherapies because of its cancer cell
specificity.

SSEA-4 Like Globo-H, stage-specific embryonic antigen-4
(SSEA-4) is a glycosphingolipid (GSL) regulated during
development. SSEA-4 is expressed predominantly in early
embryonic stages and pluripotent stem cells but is largely
absent in differentiated cells and tissues. In cancer cells,
SSEA-4 promotes invasion and metastasis by disrupting
cell—cell interactions and inducing a migratory phenotype
[69]. Consequently, SSEA-4 appears to be a promising target
for anticancer therapy. However, SSEA-4 is expressed in
healthy adult tissues, including the ovary [75]. Neverthe-
less, efforts are underway to establish SSEA-4 as a thera-
peutic target structure for ovarian carcinoma via CAR T-cell
therapy. Remarkable and specific antitumor responses were
observed at all doses of CAR T cells used for in vivo efficacy
and safety studies conducted on immunodeficient NOD scid
gamma (NSG) mice utilizing the high-grade serous ovarian
cancer cell line OVCAR4 [76].

Glycosaminoglycans

In recent years, there has been increasing recognition of
the significant roles played by the remodeling of the extra-
cellular matrix (ECM), particularly in terms of altering its
mechanical properties, which has spurred extensive investi-
gations within the realm of ovarian cancer research [77]. The
organization of the ECM undergoes spatiotemporal regula-
tion, meticulously governing cellular behavior through intri-
cate and synchronized interactions with ECM components.
Disruption of the precise regulation of ECM remodeling pri-
marily affects cell fate by modifying rigidity and structure,
thereby contributing to the loss of tissue homeostasis. This
disruption has been implicated in numerous fundamental
characteristics of cancer, including immunosuppression [78,
79], and has shown promise as a diagnostic biomarker for
predicting ovarian cancer outcomes [80, 81]. Specifically,
chondroitin sulfate disaccharides (CS-Es) are present at
elevated levels in the sera of patients with ovarian cancer
[82, 83].

Proteoglycans (PGs) and glycosaminoglycans (GAGs)
are essential structural and functional components of the
extracellular matrix (ECM) and play crucial roles in ovar-
ian cancer [84]. PGs are complex molecules consisting of
a protein core covalently linked to GAGs. The biosynthe-
sis of GAGs is a complex, nontemplate-driven process that
necessitates the coordinated efforts of various tissue-specific
enzymes [85]. In this context, notable glycosaminoglycans
(GAGsS) include chondroitin sulfate (CS), dermatan sulfate
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(DS), keratan sulfate (KS), heparan sulfate (HS), and hya-
luronic acid (HA) [86], as illustrated in Fig. 1. In ovarian
cancer, pericellular HA deposition, regardless of its staining
intensity, was significantly associated with malignancy, and
in a primary ovarian cancer cohort, it represented an inde-
pendent unfavorable prognostic marker for overall survival
[87]. Notably, in addition to HA, GAGs have the capacity
to undergo sulfation, resulting in negatively charged poly-
saccharide compounds and attachment to a core protein.
Changes in the degree and pattern of HS, DS, and CS sulfa-
tion are associated with ovarian cancer [88] and its specific
cancer-related functions [81, 82, 89, 90]. In ovarian cancer,
CS is bound to cell adhesion molecules such as versican and
aggrecan, both of which exhibit prognostic value [91, 92].
The classification of PGs is contingent on both the properties
of the GAG chains and their expression patterns in human
cancer. Dysregulated expression and distribution of PGs
and GAGs results in a compromised ECM [93]. Owing to
their structural characteristics, PGs represent an interaction
platform for various molecular factors to modulate ovarian
cancer progression [94]. These effects in cancer may be spe-
cific to either individual PGs or the intricate network formed
by PGs and multiple ECM factors. Therefore, understanding
the mechanisms involving overall or individual PGs/GAGs
within the ECM is crucial for understanding the fundamental
principles driving ovarian tumor progression [84, 95] and
immune evasion [96].

Glycan-mediated modulation of the immune
compartment

Numerous mechanisms elucidating how glycan structures
can influence immune responses have been identified. These
mechanisms include the creation of a glycoprotein shield
on the surface of tumor cells, which hinders immune cells
from forming immune synapses; the alteration of interac-
tions with immune cell receptors and glycan-binding pro-
teins (GBPs), which function as scavengers of cytokines or
chemokines; and the induction of autoantibodies against gly-
coproteins displaying aberrant glycosylation. The impact of
ovarian cancer cell glycosylation on immunomodulation has
been suggested by several studies describing glycosylation-
related transcriptome signatures associated with immune
cell infiltration and the efficacy of immunotherapies. The
6-gene signature, comprising ALGS8, B4GALTS, FUTS,
GCNT2, ST6GALI and STS8SIA3, classifies ovarian cancer
patients into high- and low-risk groups, with the latter show-
ing higher levels of immune cell infiltration and response
to immune checkpoint inhibition [97]. A risk signature
derived from the 6-gene signature through Cox univariate
analysis and LASSO Cox regression analysis effectively
predicted the overall survival of ovarian cancer patients in

both the training and validation cohorts, with P <0.001 and
AUCs > 0.6. Furthermore, the risk score independently pre-
dicted the prognosis of ovarian cancer patients. Consistent
with these data, four glycosylation-related mRNAs (ALGS,
DCTN4, DCTN6 and UBB) accurately predict prognosis,
with high risk values indicating poor prognosis and low
immune infiltration [98].

To date, few functional investigations have demonstrated
the immunomodulatory effects of particular glycan struc-
tures in ovarian cancer. In addition to those mentioned in
Sect. "Aberrant glycosylation in ovarian cancer”, such as
high-mannose, sialyl-Lewis X (SLeX), Tn and STn antigens;
disialogangliosides GD2 and GD3; the glycolipid Globo-H;
and glycosaminoglycans involved in the ECM (HS, DS, CS,
and HA), substantial research has indicated the significant
involvement of GBPs (Fig. 2). These proteins, also known as
glycan-receptors or lectins, bind specific glycan sequences
on protein backbones or lipid structures, promoting glycan-
code-based cellular processes. Several GBP families are
known, three of which play important roles in modulating
the immune system: galectins, C-type lectins and Siglecs.
Galectins are soluble factors, whereas the majority of C-type
lectins and Siglecs are localized in the cell membrane [19,
99]. The differentially expressed glycans in ovarian cancer
are juxtaposed with their respective glycan-binding recep-
tors on endothelial or immune cells in Fig. 1 and in the
tumor-biological context in Fig. 2.

Galectins

Galectins are a family of f-galactoside-binding proteins that
play a role in tissue repair, adipogenesis, the regulation of
immune homeostasis and cancer development. In humans,
15 galectins have been identified [100] and classified into
three subtypes according to their protein structure: (I) pro-
totype galectins (galectin 1, 2, 7, 10-15), which contain only
one carbohydrate recognition domain (CRD) and exist in a
monomer—dimer equilibrium; (II) tandem-repeat-type galec-
tins (e.g., galectins-4, -6, -8 and -9), which comprise two dif-
ferent CRDs in a single polypeptide chain; and (IIT) chimera-
type galectin-3, which is the only family member containing
a nonlectin domain linked to a CRD [101]. Galectins are
soluble proteins that can be found in the extracellular space,
where they bind a variety of glycoconjugates on the cell
surface or ECM, as well as in the cell cytoplasm, where
they regulate diverse processes through glycan-independent
interactions [102].

Galectins are expressed by tumor and immune cells
and have been shown to modulate the immune response in
cancer through different mechanisms, such as the induc-
tion of apoptosis in activated T cells (galectin-1), the pro-
motion of cytokine release into the immunosuppressive
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Fig.2 Glycan-related modulation of the immune compartment
in ovarian cancer. Peritoneal cavity: Ovarian cancer disseminates
mainly in the peritoneal cavity, where primary tumors, metastatic
lesions and, frequently, the accumulation of malignant ascites can be
observed at advanced stages. The ascitic fluid contains single tumor
and stroma cells, cell aggregates (spheroids) and soluble compo-
nents. Soluble components: Tumor and stromal cells secrete a great
variety of protumorogenic factors, including glycan-binding proteins.
Galectin-9 levels in the ascites of ovarian cancer patients are associ-
ated with the extent of TIM-3-positive T cells, suggesting that this
immune checkpoint axis affects the immunosuppressive environment
[93]. Galectin-3 forms oligomers in the extracellular space and leads
to the scavenging of glycosylated inflammatory factors, thereby lead-
ing to decreased T cell infiltration. In a preclinical study, the combi-
nation of a Gal-3 antagonist and PD1/PD-L1 axis blockade signifi-
cantly reduced ascites accumulation and intraperitoneal metastasis
[96]. Ovarian cancer cells release extracellular vesicles (EVs), which
exhibit characteristic protein glycosylation signatures from the origi-
nal tumor cells, such as the glycoprotein galectin-3 binding protein
(LGALS3BP) [36, 37]. Furthermore, ascites-derived EVs upregu-
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late Siglec-10 expression in T cells, and cancer-associated adipocyte
(CAA) EVs increase tumoral CD24 expression, leading to both the
activation of the Siglec-10-CD24 immune axis and the promotion
of CD8+ T cell apoptosis [115, 116]. Spheroids: Within spheroids,
ovarian CSCs are responsible for driving increased expression of
the M2 macrophage marker CD206, a C-type lectin that binds high-
mannose glycans, implying a more immunosuppressive program in
these cellular structures. Tumor tissue: Increased O-glycosylation in
ovarian cancer cells has been shown to have an immunomodulatory
effect. STn and Tn antigens bind to C-type lectin domain family 10
member A (CD301) on type 2 conventional dendritic cells (cDC2s)
and macrophages, inhibit DC migration and increase the number of
M2-like tumor-associated macrophages [110]. The ECM, which
includes a large diversity of proteoglycans and GAGs, directly edu-
cates an immunoregulatory macrophage population in ovarian can-
cer. Siglec-10, which is expressed in tumor-associated macrophages,
binds CD24 in a sialylation-dependent manner and leads to immune
cells [111]. Sialoglycan-mediated sMUC16/csMUC16-Siglec-9 bind-
ing mediates the inhibition of antitumor immune responses [111, 112]
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environment (galectin-1) or the regulation of T cell
exhaustion and, in turn, the modulation of immunother-
apy efficacy (galectin-9, Gal-9) [103]. Gal-9 specifically
interacts with TIM-3 (HAVCR2) on T cells and induces
apoptosis [104, 105]. An interaction between Gal-9, PD-1
and TIM-3 has been recently shown to regulate T cell
death as well, thereby representing an attractive target
for cancer immunotherapy [106]. In ovarian cancer, the
expression of TIM-3 in the ascites of malignant ovarian
cancer patients correlates with Gal-9 levels, suggesting
an impact of this immune checkpoint axis on the immuno-
suppressive environment of epithelial ovarian cancer and
indicating that TIM-3 is a promising target for immuno-
therapy [107] (Fig. 2).

The overexpression of galectin-3 (Gal-3) has been
described in a variety of cancers and is associated with
tumor growth and metastasis. The formation of homodi-
mers and oligomers of Gal-3 in the extracellular space
depends on the concentration and availability of ligands.
Gal-3 oligomers have the capacity to bind substrates via
their CRD, thereby initiating intracellular signal transduc-
tion through the clustering of surface proteins and mediat-
ing cell—cell interactions or interactions between cells and
the extracellular matrix through the clustering of surface
proteins [108, 109]. The latter explains the immunosup-
pressive role of Gal-3, namely, the accumulation of gly-
coprotein/Gal-3 lattices in the tissue microenvironment
leads to the scavenging of glycosylated soluble factors,
e.g., IFN-y, which in turn decreases CXCL9/10 levels and
limits T-cell infiltration (Fig. 2). Low T cell infiltration is
a feature of so-called "cold tumors", which include ovarian
cancer. In a preclinical study, a Gal-3 antagonist (G3-C12)
showed promising effects, especially in combination with a
PD-1 (APP) inhibitor, in an ovarian cancer model. G3-C12
was encapsulated in a biodegradable polylactic glycolic
acid (PLGA) copolymer, which continuously released the
Gal3 antagonist after application. This led to increased
T-cell infiltration due to the re-expression of IFN-y and the
activating modulation of dendritic cells (DCs), along with
the inhibition of tumor metastasis by intracellular Gal-3.
Notably, the combination of G3—C12 and PD-1/PD-L1
axis blockade with APP significantly reduces ascites
accumulation and intraperitoneal metastasis and prolongs
mouse survival [110].

Siglecs

The sialic acid—binding immunoglobulin-like lectin
(Siglec) receptor family includes 15 members that are
expressed mostly on immune cells. Siglecs contain an
amino-terminal V-set immunoglobulin domain that binds
sialic acid and a variable number of C2-set immuno-
globulin domains. Depending on the signaling domain

in the C-terminus, Siglecs may act as immune activators
or inhibitors [111]. Hypersialylation of tumor cells has
been described for several cancer entities, and blockade
of the Siglec-sialoglycan axis has been broadly studied
as a potential targeted therapy to reduce aberrant immune
responses in both autoinflammatory diseases and cancer
[112].

In ovarian cancer, the CD24-Siglec-10 axis has been
shown to mediate antitumor immunity and has strong
potential for therapeutic intervention. Downregulation of
either CD24 or Siglec-10, as well as blockade of the CD24-
Siglec-10 axis via monoclonal antibodies, enhanced the
phagocytosis of CD24-expressing ovarian cancer cells and
resulted in a macrophage-dependent reduction in tumor
growth in vivo and increased survival [113]. Siglec-10,
which is expressed in tumor-associated macrophages, binds
CD24 in a sialylation-dependent manner [114] and activates
cytosolic protein tyrosine phosphatases Src-homology 2
domain (SH2)-containing SHP-1/SHP-2-mediated immune
cell inhibition [111] (Fig. 2). Two further studies described
a dual effect of extracellular vesicles (EVs) on the CD24-
Siglec-10 axis: on the one hand, EVs derived from malig-
nant ascites upregulate Siglec-10 expression in T cells, and
on the other hand, cancer-associated adipocyte (CAA) EVs
deliver SIRT1 to ovarian cancer cells and increase CD24
expression, both of which lead to activation of the above-
mentioned immune axis and thereby promote CD8+ T cell
apoptosis [115, 116].

Siglec-9 (SIGLY) has also been described as a negative
glycoimmune checkpoint expressed on myeloid cells, NK
cells, and specific T-cell subsets, where it mediates inhibi-
tory effects by binding to sialoglycan ligands on cancer
cells. This interaction allows cancer cells to evade immune
surveillance [58, 117, 118]. In several tumor types, includ-
ing ovarian cancer, the upregulation of SIGL9 has been
found in tumor-infiltrating leukocytes [119]. In this con-
text, an interaction between SIGL9, which is expressed
on T cells and NK cells of ovarian cancer patients, and
the soluble form of mucin 16 (sMUCI16), a biomarker
known as CA125, has been described [58, 120]. Like other
mucins, cell surface MUC16 (csMUC16) can also facilitate
cell adhesion by interacting with suitable binding partners,
such as mesothelin or SIGL9. SIGL9 is an inhibitory recep-
tor that attenuates T cell and NK cell function (Fig. 2).
sMUC16/csMUC16-SIGLY binding likely mediates the
inhibition of antitumor immune responses. In an immuno-
therapeutic approach, Choi et al. developed a SIGL9 anti-
body that successfully increased antitumor immunity in
ovarian cancer. Thus, treatment with the SIGL9 antibody
in a humanized mouse model using the ovarian cancer cell
line SKOV3, which expresses high levels of SIGL9 ligands
and was injected subcutaneously, resulted in reduced tumor
growth [121].
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C-type lectins

The large family of C-type lectins (CTLs) are glycan-
binding proteins (GBPs) whose function relies on diva-
lent cations, such as Ca’* and Mg?*. CTLs are identi-
fied by structurally conserved carbohydrate recognition
domains (CRDs), which typically contain 110-130 amino
acid residues and feature two conserved disulfide bonds.
CTLs encompass a diverse range of proteins, including
collectins, selectins, endocytic receptors, and proteogly-
cans. Some of these proteins are secreted, whereas others
remain membrane-bound. These CTLs often form oligom-
ers, increasing their affinity for multivalent ligands and
enhancing their ability to recognize pattern recognition
receptors. One notable feature of CTLs is their significant
variability in the types of ligands they can bind with high
affinity, including glycans, proteins, lipids, and inorganic
compounds [122]. CTLs recognize both pathogens and
self-expressed ligands, serving as adhesion molecules,
phagocytic receptors, and signaling receptors across
diverse biological processes. As essential for maintaining
homeostasis, CTLs play crucial roles in innate and adap-
tive immunity. They are particularly significant in regu-
lating leukocyte and platelet trafficking, as well as tissue
remodeling [123]. Interestingly, truncated O-glycans have
demonstrated immunomodulatory effects. The Tn antigen
is recognized by CD301 (MGL) on conventional type 2
dendritic cells (cDC2s) and macrophages. This interaction
inhibits the migration of immature antigen-presenting cells
(APCs) and promotes an increase in M2-like tumor-asso-
ciated macrophages [124] (Fig. 2). In a mouse model of
ovarian cancer, the use of glycomimetic peptides to target
CD301/MGL was shown to activate dendritic cells (DCs)
and immune cells that act against the tumor, leading to
enhanced tumor protection, especially when these pep-
tides were used in combination with immune checkpoint
inhibitor (ICI) therapy [125, 126]. This finding suggests
that the MGL-Tn ligand relationship may hold significant
importance in the context of ovarian cancer. Moreover,
in the age of ICIs, the recognition of tumor ligands such
as tumor glycoantigens, which are created dynamically
and interact with immune effector cells during the early
stages of tumor development, could be crucial in augment-
ing the effectiveness of ICIs [127]. Furthermore, CD301/
MGL was used to decipher the O-glycoproteome of gly-
coengineered ovarian cancer cell lines. The identified
extracellular proteins possibly interact with CD301/MGL
expressed on macrophages and cDC2s, thereby contribut-
ing to immune cell modulation [128]. In general, cDC2s
play important roles in the immune system during car-
cinogenesis by presenting tumor antigens to stimulate and
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activate CD4+ T cells, which are crucial for initiating and
regulating immune responses [129]. In cancer, cDC2s are
often suppressed by regulatory T cells (Tregs), impair-
ing trafficking to the lymph node and the presentation of
tumor-derived antigens to CD4+ T cells [130].

The mannose receptor (MR, CD206) stands out as a
unique glycan-binding protein that is expressed in mac-
rophages. While the mannose receptor is just one of
numerous glycan-binding proteins, interest has increased
in understanding the potential interplay between the mac-
rophage glycome and how it can regulate the activities of
related glycan-binding proteins [131]. CD206 is a C-type
lectin that binds high-mannose glycans and induces an
immunosuppressive program in macrophages. Within ovar-
ian cancer spheroids, CSCs upregulate CD206 in M2 mac-
rophages, inducing an immunosuppressive environment in
this cellular compartment [33] (Fig. 2). A recent review
and meta-analysis revealed that the presence of tumor-infil-
trating CD206-positive macrophages significantly affects
oncological outcomes in patients with ovarian cancer and
other types of solid tumors [132].

E- and P-selectins are glycoproteins with vital roles in
mediating heterophilic cell—cell interactions in the presence
of hydrodynamic flow. The name "selectins" was given to
them because of their ability to interact with carbohydrates
via their N-terminal CTL domain [133], and their role in
pathophysiological processes, including inflammation and
metastasis, was recognized [134]. A growing body of evi-
dence indicates that selectins also actively participate in
the development of peritoneal carcinomatosis in ovarian
cancer [135]. In a recent study by Genduso and colleagues,
they investigated how the interplay between integrin 4
(ITGB4) on tumor cells and E-/P-selectin on endothelial
cells in the tumor stroma impacts the regulation of tumor
growth and influences the immune environment. These find-
ings revealed a highly significant synergy between ITGB4
and E-/P-selectin in controlling tumor growth. This syn-
ergy was associated with increased recruitment of CD11b+
Gr-1" cells with low granularity, commonly referred to as
myeloid-derived suppressor cells (MDSCs), specifically
into tumors lacking ITGB4. Tumors lacking ITGB4 exhibit
apoptosis and actively attract MDSCs, a cell population
well known for its role in promoting tumor growth in vari-
ous cancer types. This attraction of MDSCs was facilitated
by the increased secretion of various chemokines within
ITGB4-depleted tumors. The ability of MDSCs to infil-
trate tumors was found to be critically dependent on the
expression of E-/P-selectin. The analysis of clinical samples
supported these findings, indicating an inverse relationship
between the expression of ITGB4 in tumors and the number
of leukocytes infiltrating the tumor [136].
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Glycan-associated immunotherapeutic
approaches

Immunotherapeutic approaches in the context of cancer
have gained enormous importance in recent years, achiev-
ing remarkable results in some tumor types. Although pre-
clinical studies have shown promising results in patients
with ovarian cancer, the efficacy of immunotherapy has
been rather moderate, with encouraging clinical results in
only a small subgroup of patients [137]. Immune thera-
peutic strategies, including immune checkpoint blockade
(ICB), neoantigen antibodies and vaccines and personal-
ized chimeric antigen receptor (CAR) T-cell therapy, are
often based on altered or tumor-specific glycosylation
structures or antigens. In the present section, we summa-
rize clinical studies in ovarian cancer that investigated the
modulation of glycoimmune complexes for therapeutic
purposes.

CAR T-cell therapy

In ovarian cancer, the application of CAR T-cell therapy
still faces some challenges, e.g., the lack of tumor-specific
antigens due to the high heterogeneity of this entity, off-
target effects, tumor antigen escape or immunosuppres-
sion by soluble and/or cellular factors in the tissue micro-
environment [138]. Among the tumor antigens that have
been investigated in preclinical studies [138] and partly
in clinical studies (Table 1, Fig. 3), several highly glyco-
sylated proteins, such as mesothelin, mucin 1, CA125 or
CD24, have been identified. However, only a few reports
on CAR T cells with specifically altered glycosylation
structures have been published thus far. In a syngeneic
ovarian cancer mouse model with a genetically modified
ID8 cell line, the efficacy of CAR T cells containing a
single-chain variable fragment (scFv) from an antibody
that recognized a Tn-glycopeptide-antigen was studied. In
this cell line (ID8Cosmc-KO), the lack of the transferase-
dependent chaperone COSMC (CIGALTICI) led to aber-
rant O-linked glycosylation and enhanced Tn structures.
Tumor regression could be successfully achieved via the
use of CARs with high affinity for Tn groups via a single
intravenous dose or even more efficiently via intraperito-
neal administration. Interestingly, CAR T cells persist for
months and allow the treated mice to retard tumor growth
in a rechallenge setting [139]. Additionally, CAR T cells
targeting TAG72-positive ovarian cancer cells have shown
promising results. TAG72, an STn O-glycan carbohy-
drate found on numerous cell surface glycoproteins [140,
141], is highly expressed in tumor cells, including 90%
of epithelial ovarian cancers [142]. The functionality of

TAGT72-CAR-T cells was demonstrated in an in vivo intra-
peritoneal mouse model, where strong antigen-dependent
cytotoxicity against ovarian cancer cell lines as well as
against tumor cells such as patient ascites was observed.
Currently, a phase I clinical trial testing the safety, side
effects, and best dose of TAG72-CAR T cells in patients
with platinum-resistant epithelial ovarian cancer is ongo-
ing (Table 1, Fig. 3). A second phase I clinical trial evalu-
ating the safety, tolerability, feasibility and preliminary
efficacy of administering CAR T cells that recognize the
tumor antigen TnMUCI1 in advanced and treatment-resist-
ant solid cancers, including ovarian cancer, was terminated
early owing to unfavorable risk—benefit results (Table 1,
Fig. 3). The efficacy of Lewis Y-targeted CAR T cells in
advanced solid tumor patients has been evaluated in a
clinical trial; however, the outcomes remain unpublished
(NCTO03851146). Furthermore, ganglioside NGcGM3-
targeted CAR-T cells prevent ovarian cancer progression,
resulting in low toxicity in healthy tissues [143].

Antibodies and antibody—drug conjugates

There are several ongoing phase I/II clinical studies on the
safety and preliminary clinical efficiency of antibodies and
antibody—drug conjugates (ADCs) targeting glycan struc-
tures (Table 1, Fig. 3), such as Globo-H (GH), Lewis Y
and truncated O-glycans on mucin 1. GH, a hexasaccha-
ride isolated from the human breast cancer cell line MCF-7,
is one of the most frequently expressed tumor-associated
carbohydrate antigens (TACAs). The efficacy of ADC
OB-999, which contains an antibi against GH antibody and
the tubulin-targeted cytotoxic payload monomethyl aurista-
tin E [144], is currently being studied in a phase I/II trial
(NCT04084366) in patients with advanced solid tumors,
including ovarian cancer (Fig. 3).

The antibody—drug conjugate (ADC) SAR566658 is a
humanized DS6 antibody that recognizes CA6, a mucin 1
(MUCT)-associated sialoglycotope, linked to the cytotoxic
tubulin-binding drug DM4 [145]. CAG6 is highly expressed
in numerous tumors of epithelial origin, including ovarian
cancer [146]. Authors could show an efficient SAR566658
binding to several epithelial carcinoma cell lines in vitro,
including one from ovarian origin (OVCA-5), a good ADC
internalization, intracellular delivery of DM4 and efficient
tumor cell death.

Tumor-associated MUC1 (TA-MUC1) is a tumor-specific
transmembrane glycoprotein whose glycosylation is altered
due to the deregulation of several sialyltransferases in tumor
cells [147]. In a phase I clinical trial (NCT05875168), the
safety, tolerability, and efficacy of DS-3939 in patients
with advanced solid tumors, including ovarian cancer, will
be studied. DS-3939 is a TA-MUCI-directed ADC that
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Table 1 Selected clinical trials for ovarian cancer with tumor-asso-
ciated carbohydrate antigen-targeting agents or immune cell ther-
apy. EAGLE bispecific fusion protein was developed on the basis of

enzyme—antibody glyco-ligand editing, ADC antibody—drug con-
jugates, ADCC antibody-dependent cell-mediated cytotoxicity, and
CAR-T chimeric antigen receptor T cells

Type Modality Target Tumor type Agent / Biological Function Phase Clinical trial number
Antibody ADCC Globo-H advanced or meta- ~ OBI-888 mADb targeting I NCT03573544
static solid tumors Globo-H
ADCC MUCI-Tn advanced solid Gatipotuzumab mAD targeting trun- 1 NCTO03360734
tumors cated O-glycans
on MUC1
ADCC Lewis Y Ovarian Cancer 35193 mAD targeting/ I NCT00617773
blocking Lewis Y NCT01137071
ADCC MUCI1-Tn Ovarian Cancer PankoMab-GEX  mAb targeting trun- 1I NCT01899599
cated O-glycans
on MUC1
ADC Globo-H advanced solid OBI-999 Globo-H mAb it NCT04084366
tumors and monomethyl
auristatin E
ADC Lewis Y advanced solid LMB-9 LMB-9 immuno- I NCT00005858
tumors toxin IV
ADC Lewis Y Ovarian Cancer SGNI15 SGN-15 combined 11 NCTO00051584
with gemcitabine
ADC STn advanced solid SGN STNV mAD targeting I NCT04665921
tumors STn coupled
to monomethyl
auristatin E
ADC TA-MUC1 advanced solid DS-3939a mADb targeting trun- NCT05875168
tumors cated O-glycans
on MUC1
EAGLE Sialoglycans advanced solid E-602 NEU2-Fc for desia- 1 NCT05259696
tumors lylating immu-
nosuppressive
sialoglycans
Vaccine Vaccine Globo-H-GM2-sTn- Ovarian Cancer MabVax/MSKCC Globo-H-GM2- I NCT01248273
TF-Tn sTn-TF-Tn-KLH
conjugate
Anti-idiotype ACA125 Ovarian Cancer Abagovomab Functionally II/IIT  NCTO00058435/
imitates the tumor NCTO00418574
associated antigen
CA-125
CART CART STn Ovarian Cancer TAG72-CART TAGT72-Targeting I NCT05225363
Chimeric Antigen
Receptor T Cells
CART MUCI-Tn TnMUCI1-Positive ~ CAR T-TnMUC1 MUCI-Tn Targeting 1 NCT04025216
Advanced Cancers Chimeric Antigen
Receptor T Cells
CART Lewis Y advanced solid LeY CAR Tcells Lewis Y Targeting 1 NCTO03851146
tumors Chimeric Antigen
Receptor T Cells
Diagnostic Diagnostic 500 glycoproteo- Ovarian Cancer liquid biopsy—spe- 1 NCTO03837327
forms cific glycoprot-

eomic signatures

includes a number of topoisomerase I inhibitor payloads
attached to the antibody via tetrapeptide-based cleavable
linkers (Table 1, Fig. 3).

Additionally, gatipotuzumab, a humanized monoclonal
antibody recognizing TA-MUCI, was tested in a phase II
study (NCT01899599) (Table 1, Fig. 3) for its efficacy and
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safety as a maintenance therapy in patients with TA-MUC1-
positive recurrent ovarian cancer. A total of 216 patients
were enrolled and randomized 2:1 to receive gatipotuzumab
or placebo every 3 weeks until tumor progression or intoler-
able toxicity occurred. Although gatipotuzumab was well
tolerated, no clinical benefit was observed for gatipotuzumab
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Fig.3 Glycan-associated immunotherapeutic approaches in ovarian
cancer. Several preclinical and clinical trials studying the efficacy of
glycan-specific antibodies, glycan-specific antibody drug conjugates,
glycan-directed CAR T cells or glycan-based vaccines are ongoing or

in comparison to placebo in terms of the secondary efficacy
endpoints or in any stratified subgroup [148].

SGN-15 is a chimeric antibody against the Lewis Y anti-
gen, which is conjugated to doxorubicin via an acid-labile,
6-maleimidocaproyl hydrazone linker. Although SGN-15
selectively targeted Lewis Y-expressing cells in preclinical
studies [149, 150] (Table 1, Fig. 3), no statistically signifi-
cant clinical advantage was observed in diverse tumor types,
including ovarian cancer (NCT00051584).

A single-arm phase II study tested the efficacy and
safety of the humanized anti-Lewis Y monoclonal anti-
body hu3S193 in diverse cancers, including 29 patients
with recurrent epithelial ovarian cancer. The Lewis Y anti-
gen is a difucosylated oligosaccharide carried by numer-
ous glycoproteins and glycolipids. Its overexpression has

have been conducted. The main glycan structures targeted are STn,
Tn, Globo-H, Lewis Y, and sialoglycans. This figure was created via
BioRender.com

been described in 75% of ovarian cancers and is associated
with patient prognosis. In this study, ovarian cancer patients
who achieved a second complete response after platinum-
based chemotherapy subsequently received hu3S193 every
2 weeks until disease progression or unacceptable toxicity.
Unfortunately, Hu3S193 did not show sufficient clinical
activity as a consolidation therapy for these patients [151].
Finally, LMB-9, a disulfide recombinant immunotoxin that
directs the cytotoxic potential toward cells expressing the
Lewis Y antigen, has been tested in a phase I clinical trial
(NCTO00005858) (Table 1, Fig. 3); however, the results of
this study have not been published thus far.

A further antibody—drug conjugate being investigated in
a phase I study (NCT04665921) is SGN STNV. This ADC
targets monomethyl auristatin E (MMAE) to tumor cells
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expressing Sialyl-Thomsen-Nouveau (STn), an O-glycan
consisting of a sialic acid residue a2,6-linked to GalNAca-
O-Ser/Thr, which is frequently overexpressed in advanced
solid tumors, including ovarian cancer [152]. In preclinical
studies, this compound has shown, in addition to its cyto-
toxic activity, an antitumor response through Fc-mediated
effector functions, such as antibody-dependent cellular cyto-
toxicity (ADCC) and antibody-dependent cellular phago-
cytosis (ADCP) [153]. The aforementioned phase I study,
which started in 2021 and is estimated to enroll 360 patients,
will be completed in 2026.

Additionally, the blockade of Siglec-9, a negative immune
checkpoint expressed on immune cells, has been evaluated
in preclinical studies. Here, a specific Siglec-9 antibody was
shown to enhance antitumor functions in vitro and to gener-
ate antitumor immunity, leading to a reduced tumor burden
in an ovarian cancer mouse model [121].

Vaccines

CA125 is a highly glycosylated and high-weight cell surface
mucin (MUC16) expressed by more than 80% of nonmuci-
nous epithelial ovarian cancers [154]. The level of soluble
CA125 is closely associated with disease recurrence and
progression [155]. Abagovomab is an anti-idiotic antibody
that recognizes CA125 and induces a specific immune
response, as confirmed in preclinical and phase I/II stud-
ies (NCT00058435)[156, 157]. A significant association
between prolonged survival and response to vaccination
was previously reported in a preclinical study in which rats
were vaccinated with the murine monoclonal anti-idiotypic
antibody ACA125 [158]. A phase III trial (NCT00418574)
revealed that the administration of abagovomab as mainte-
nance therapy for ovarian cancer patients in first remission
does not prolong recurrence-free or overall survival [159].
In this context, Buzzonetti et al. did not find CA125-specific
CTL induction by abagovomab. Nevertheless, ovarian can-
cer patients with CA125-specific CTLs perform better than
patients without CA125-specific CTLs do, irrespective of
abagovomab treatment [160]. Surprisingly, abagovomab-
induced Ab3 (anti-idiotypic antibody) was associated with
prolonged recurrence-free survival in patients lacking
CA125-specific CTLs [160].

A further vaccination strategy involving synthetic unimo-
lecular pentavalent carbohydrates (Globo-H, GM2, STn, TF,
and Tn) on a peptide backbone conjugated to keyhole limpet
hemocyanin (KLH) and mixed with the immunological adju-
vant QS-21 (NCT01248273) was studied in a phase I trial.
Among the 24 ovarian cancer patients enrolled, 20 showed
IgG and/or IgM responses to at least three antigens in the
vaccine. In the subgroup of patients treated with the high-
est dose, the individual IgM and/or IgG responses were as
follows: Globo-H, 7 (58%); GM2, 4 (33%); STn, 11 (92%);
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TF, 9 (75%); and Tn, 10 (83%). The advantage of this uni-
molecular construct is its simple manufacturing process,
which allows the addition or replacement of different new
antigens [161].

Hypersialylation is a common occurrence in cancer,
where sialoglycans are well known for their role in pro-
moting immune evasion by binding to siglecs expressed
on immune cells [111]. The overexpression of siglecs pre-
sents a challenge when designing therapeutic approaches
that target these receptors. To overcome this challenge, the
fusion protein E-602 was specifically engineered. E-602 is a
fusion protein that incorporates an engineered human siali-
dase (Neu2), which can cleave terminal sialic acid groups on
both immune and tumor cells, and a human IgG1 Fc region.
Preclinical studies have shown that E-602-mediated immune
activation functions by enhancing antigen-specific priming
and T-cell activation as well as by restoring exhausted-like
T-cell function. In numerous mouse tumor models, E-602
has shown promising antitumor activity as a monotherapy
[162, 163]. Currently, a phase 1/2 study (NCT05259696) in
which E-602 is administered alone or in combination with
cemiplimab is ongoing for advanced solid tumors. To date,
data from a small group of 32 patients with pancreatic or
colorectal cancer have been published. Thus, E-602 is well
tolerated and leads to dose-dependent desialylation and
immune system activation [163].

Another therapeutic strategy that takes advantage of spe-
cific glycan—receptor interactions is the manipulation of
macrophages via nanoparticle delivery of siRNAs that can
induce immunostimulatory and tumor cytotoxic functions.
These nanoparticles have a mannosylated surface designed
to specifically target the mannose receptor, which is upregu-
lated in tumor-associated macrophages [164].

Future models and outlook

In ovarian cancer, the intricate interplay between tumor gly-
cans and immune cell GBPs remains largely uncharted, pre-
senting multifaceted challenges for the scientific community.
First, a comprehensive understanding necessitates special-
ized analytical methods capable of discerning both normal
and altered glycan structures or patterns within patients or
research models relevant to the field. While the latter have
undeniably propelled cancer research forward in recent dec-
ades, their limitations have become increasingly evident.
In vitro studies often fail to capture the full complexity of
biological processes, and fundamental species disparities
between humans and mice hinder the seamless translation
of research findings into clinical applications [165].
Presently, ongoing investigations into tumor-infiltrating
leukocytes and immune cells, in general, rely heavily on
single-cell RNA sequencing [166]. However, this technique
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predominantly captures highly expressed transcripts, leav-
ing a substantial portion of glycosyltransferases and glycan-
editing enzymes unaccounted for. This presents yet another
formidable challenge: the genotype—glycotype correlation
remains a puzzle yet to be solved. In essence, this implies
that the expression of specific genes related to glycosylation
fails to provide insights into the actual composition of the
glycans found within and on the cell surface.

In summary, multidisciplinary collaboration between
basic researchers and medical practitioners is imperative.
This collaboration is essential for a comprehensive explora-
tion of the pertinent facets concerning the intricate interplay
of glycan structures within various physiological contexts
and their interaction with immune cells, all within well-
suited experimental systems. Ultimately, this endeavor aims
to enhance patient treatment and yield significant survival
benefits.
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