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A B S T R A C T

Circulating tumor-derived extracellular vesicles (tdEVs) offer a minimally invasive source of real-time molecular 
information from cancers. Detection of tdEVs, however, is hindered by their heterogeneity, scarcity, and lack of 
robust identification markers. Oncofetal chondroitin sulfate (ofCS), a placenta-associated glycosaminoglycan 
that is commonly re-expressed in cancer, has emerged as a promising, multivalent surface handle to recognize 
circulating tumor cells and proteoglycans in liquid biopsies. Recent work demonstrates that tdEVs released by 
diverse cancer cell lines and in plasma from patients with pancreatic cancer expose ofCS. This mini-review 
evaluates these findings and outlines priorities for clinical translation.

1. Introduction

1.1. Tumor-derived extracellular vesicles as circulating sources of tumor 
information

Cells release membrane-enclosed, nano- to micrometer-sized extra
cellular vesicles (EVs) that carry surface molecules and luminal cargo. 
EVs arise through several biogenesis pathways, including outward 
budding from the plasma membrane and release of exosomes upon 
fusion of the multivesicular body membrane with the plasma membrane 
[1]. Through the transfer of molecular cargo and surface-mediated in
teractions, EVs contribute to intercellular communication [2,3].

Cancer cells release EVs, which offer access to tumor-associated 
proteins, nucleic acids, lipids, and glycans in a liquid biopsy such as 
blood [4,5]. Because the composition of tumor-derived EVs (tdEVs) can 
change with tumor state and treatment [4], serial analysis of circulating 
tdEVs could provide longitudinal molecular information in a less inva
sive manner compared to tissue biopsies.

1.2. Why tumor-derived extracellular vesicles remain difficult to detect

Reliable and reproducible identification of tdEVs is challenging for 
several reasons. First, tdEVs are rare and constitute a small fraction of 
circulating extracellular particles in blood, which also contains non- 
tumor EVs and non-vesicular extracellular particles (NVEPs) [6]. 
Consequently, assays that measure tdEV-associated cargo directly in 
plasma suffer from substantial background signals from non-tumor EVs 
and NVEPs.

Second, the small surface area of single EVs, which are often less than 
200 nm in diameter, limits the number of exposed epitopes [7]. Because 
individual EVs may carry only a few copies of a given protein marker, 
single EVs often fall below the detection limit of commonly used 
analytical instruments [8].

Third, tdEV detection is hampered by the lack of robust and tumor- 
specific surface markers. Most approaches to detect tdEVs rely on pro
tein markers enriched in cancer but that are not exclusively present on 
malignant cells, and therefore can be present on non-tumor EVs. 
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Additionally, protein markers are often restricted to a specific cellular 
phenotype, such as an epithelial phenotype. For example, epithelial cell 
adhesion molecule (EpCAM) is overexpressed in epithelial cancers, but 
can be downregulated during epithelial-to-mesenchymal transition 
(EMT) and therefore is less informative for tumors of mesenchymal 
origin or hematological malignancies [9,10].

Together, tdEV scarcity, limited epitope abundance, and lack of 
robust tumor-specific markers have constrained reliable tdEV identifi
cation and enrichment. These limitations motivate novel strategies that 
detect tumor-associated molecular features, which are shared across 
multiple surface proteins rather than relying on a single protein marker.

1.3. Oncofetal chondroitin sulfate as a multivalent cancer-associated 
glycan target

An emerging strategy to overcome the limitations summarized in 
Section 1.2 is to target tumor-associated glycan modifications. Oncofetal 
chondroitin sulfate (ofCS) represents such an approach, as it is a 
malignancy-associated glycosaminoglycan modification that is normally 
associated with the placenta but is broadly re-expressed across diverse 
cancers and largely absent from healthy adult tissues [11]. The discov
ery of ofCS in cancer originates from studies of pregnancy-associated 
malaria, in which the Plasmodium falciparum protein VAR2CSA medi
ates adhesion of infected erythrocytes to placental chondroitin sulfate 
(CS). VAR2CSA recognizes a specific placental CS motif that consists of a 
distinct sulfation pattern and chain length [12]. Based on shared fea
tures between the placenta and cancer, including tissue invasion, im
mune evasion, and rapid cell proliferation, Salanti et al. showed that the 
CS motif recognized by VAR2CSA is also displayed by malignant cells 
and tumor stroma across multiple cancer types [11].

Targeting ofCS may offer advantages over targeting individual pro
tein markers for tdEV detection. ofCS can be attached to more than 20 
proteoglycan backbones, including cluster of differentiation 44 (CD44), 
chondroitin sulfate proteoglycan 4 (CSPG4), and syndecans [13,14]. Its 
presentation across different proteoglycans could provide multiple 
targetable binding sites on single tdEVs, thereby reducing the 

dependence on detection of individual tumor-associated proteins 
(Fig. 1) [11,13]. ofCS is present across epithelial, mesenchymal, and 
hematological malignancies, and its expression is retained during EMT 
in vitro [11,14,15]. These properties support the potential of ofCS as a 
broadly applicable, multivalent surface marker for detecting and 
enriching tdEVs.

Beyond its diagnostic potential, ofCS expression on cancer cells is 
associated with extracellular-matrix interactions, integrin signaling, 
tumor-cell migration, invasion, and metastatic seeding [13]. The 
development of anti-ofCS antibody fragments for antibody-drug conju
gates and ofCS-directed immune-cell engagers further illustrates the 
translational interest [14,16–18].

This mini-review examines ofCS as an emerging multivalent surface 
handle for tdEV detection and explores its potential for enrichment. We 
first summarize evidence that ofCS-bearing tumor-associated material is 
accessible in blood, including circulating tumor cells (CTCs) and circu
lating ofCS-modified proteoglycans (Fig. 1). We then discuss studies 
showing that proteoglycan backbones capable of carrying ofCS are 
present on tdEVs, followed by evaluating the first studies that demon
strate the presence of ofCS on tdEVs. Finally, we outline the analytical, 
clinical, and biological steps required to determine whether ofCS- 
positive tdEVs can become informative liquid biopsy biomarkers.

2. Blood-based evidence supporting ofCS as a liquid biopsy 
target

2.1. Circulating tumor cells and circulating ofCS-modified proteoglycans

The potential of targeting ofCS for cancer diagnostics and monitoring 
was first established for CTCs (Table 1) [15]. Recombinant VAR2CSA 
protein (rVAR2) enables detection and isolation of CTCs across tumors 
of both epithelial and mesenchymal origin [15,19–21]. Compared to 
EpCAM-based methods, rVAR2-based isolation yielded higher CTC 
numbers and recovered more CTC subsets. This higher CTC recovery 
may reflect both EpCAM-independent recognition and presentation of 
ofCS across multiple proteoglycans [15]. In early-stage melanoma, 

Fig. 1. Oncofetal chondroitin sulfate-bearing material released into circulation by tumors. Oncofetal chondroitin sulfate (ofCS; blue) is displayed on multiple 
proteoglycan backbones and is present on circulating tumor cells (CTCs), circulating proteoglycans, and tumor-derived extracellular vesicles (tdEVs). The presence of 
ofCS on multiple proteoglycans may provide more targetable binding sites (blue circles) on tdEVs compared to recognition of a single protein epitope (orange circles). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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rVAR2-based CTC enrichment revealed the first correlation between 
CTC detection and unfavorable clinical outcomes [21]. These findings 
provide a rationale for investigating whether ofCS can also be targeted 
on circulating tdEVs, whose concentration is expected to be higher than 
that of CTCs [30].

In addition to rVAR2-based detection of CTCs in the cellular blood 
fraction, circulating ofCS-modified proteoglycans released by tumors are 
detectable in plasma from patients with various cancers (Table 1). For 
example, Zhang et al. reported elevated levels of ofCS-modified CD44, 
CSPG4 and syndecan-1 (SDC1) in plasma from patients with multiple 
cancer types compared to healthy controls [22]. Importantly, the au
thors noted that these ofCS-modified proteoglycans may occur in plasma 
not only in soluble form but also in association with EVs. In lung cancer, 
a prospective study of 274 patients showed that plasma ofCS-modified 
CD44 is associated with overall and progression-free survival, 

suggesting that circulating ofCS-bearing proteoglycans behold clinically 
relevant information [23]. Together, these studies established that ofCS- 
bearing tumor-associated analytes are accessible and detectable in 
blood, while leaving open the question of whether ofCS is displayed on 
tdEVs.

2.2. Proteoglycan backbones capable of carrying ofCS are present on 
tumor-derived extracellular vesicles

Before ofCS was directly detected on tdEVs, several studies showed 
that proteoglycan backbones capable of carrying ofCS are present on 
tdEVs (Table 1) [11,13,14,24–27].

For example, CSPG4 is highly expressed in melanoma cells and is 
detectable on melanoma cell-derived EVs using antibodies recognizing 
melanoma-associated CSPG4 epitopes [24]. Immunocapture of these 

Table 1 
Evidence of oncofetal chondroitin sulfate as a tumor-derived extracellular vesicle target.

Study focus / analyte Cancer type Analyte source Capture / detection strategy Main message Ref

Foundational biology of oncofetal chondroitin sulfate and targeting reagents

Identification of ofCS 
in cancer

A broad range of epithelial and 
mesenchymal cancers

Cancer cell lines; 
tumor tissue

rVAR2 binding; CSA competition; 
ChABC treatment; proteoglycan 
identification.

Establishes widespread cancer- 
associated ofCS expression and targeting 
by rVAR2; identifies key proteoglycan 
carriers.

[11]

Functional role of 
ofCS-modified 
proteoglycans

Lymphoma, melanoma, 
osteosarcoma, prostate cancer, 
rhabdomyosarcoma

Cancer cell lines; 
tumor tissue

rVAR2 affinity purification; 
proteomics; functional assays.

Links ofCS-bearing protein complexes to 
cell adhesion, invasion, signaling, and 
metastatic seeding.

[13]

Development of ofCS- 
specific antibody 
fragments

~20 different solid tumors and 
hematological malignancies

Cancer cell lines; 
tumor tissue; 
mouse models

Phage-display-derived anti-ofCS 
antibody fragments (scFv); in vitro 
and in vivo validation.

Introduces alternative ofCS-binding 
reagents.

[14]

Supporting evidence of oncofetal chondroitin sulfate-modified tumor material in blood

ofCS-positive CTCs
17 epithelial and mesenchymal 
cancers Whole blood

rVAR2-based magnetic 
immunocapture; downstream CTC 
characterization.

Targeting ofCS enables CTC capture 
from blood; higher capture efficiency 
than EpCAM-based approach.

[15,19–21]

Circulating ofCS- 
modified 
proteoglycans 
(CD44, CSPG4, 
SDC1)

13 epithelial and hematological 
cancers

Plasma
Sandwich ELISA combining 
proteoglycan backbone capture with 
rVAR2-based ofCS detection.

Circulating ofCS-modified proteoglycans 
are detected in plasma across multiple 
cancer types; plasma ofCS-CD44 level 
correlates with prognosis in lung cancer.

[22,23]

Supporting evidence of proteoglycans known to carry oncofetal chondroitin sulfate detected on extracellular vesicles in plasma

CSPG4-positive EVs Melanoma
Cell line 
conditioned- 
media; plasma

Immunocapture targeting unique 
melanoma-associated CSPG4 
epitopes; EV proteomic profiling.

Targeting CSPG4 epitopes allows 
enrichment of melanoma-associated EVs 
and selective characterization of their 
protein cargo.

[24,25]

SDC1-positive EVs Glioma and GBM
Cell line 
conditioned- 
media; plasma

Immunoprofiling of EV-associated 
markers, including SDC1.

SDC1-positive EVs distinguished GBM 
from low-grade glioma. [26]

VCAN-positive EVs NSCLC Plasma
ELISA-based quantification of VCAN 
levels.

VCAN-positive EVs in plasma correlated 
with presence of metastasis in lung 
cancer patients.

[27]

Direct evidence of oncofetal chondroitin sulfate on tumor-derived extracellular vesicles

ofCS-positive tdEVs
CRC, glioblastoma, melanoma, 
NSCLC, ovarian and PDAC cell 
models; PDAC clinical samples

Cell line 
conditioned- 
media; plasma

rVAR2/anti-ofCS scFv labeling; 
ChABC and rVAR2 mutant controls; 
super-resolution fluorescence 
microscopy; single-EV flow 
cytometry.

Demonstrates ofCS on individual tdEVs 
from various cancer cell lines and in 
PDAC patient plasma; controls confirm 
detection specificity.

[28]

ofCS-positive tdEVs PDAC
Cell line 
conditioned- 
media; plasma

Non-selective latex-bead capture; 
rVAR2 labeling; ChABC control; 
bead-based flow cytometry.

Expands detection of ofCS-positive EV in 
clinical samples, including early-stage 
PDAC, and complementarity with 
CA19–9.

[29]

Abbreviations: CA19–9, carbohydrate antigen 19–9; CD44, cluster of differentiation 44; ChABC, chondroitinase ABC; CRC, colorectal cancer; CSA, chondroitin sulfate 
A; CSPG4, chondroitin sulfate proteoglycan 4; CTC, circulating tumor cell; EV, extracellular vesicle; CSA, chondroitin sulfate A; GBM, glioblastoma multiforme; NSCLC, 
non-small cell lung cancer; ofCS, oncofetal chondroitin sulfate; PDAC, pancreatic ductal adenocarcinoma; rVAR2, recombinant VAR2CSA; scFv, single-chain variable 
fragment; SDC1, syndecan-1; tdEV, tumor-derived extracellular vesicle; VCAN, versican.
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epitopes enables selective enrichment of melanoma-derived EVs from 
patient plasma, and distinguishes their protein composition from that of 
non-tumor particles [25]. A different study reported SDC1 on EVs in 
plasma from patients with high-grade glioblastoma multiforme, which 
enabled distinction from low-grade glioma [26]. Furthermore, in plasma 
from patients with non-small cell lung cancer, elevated levels of EV- 
associated versican (VCAN) were detected compared to benign lung 
disease and healthy controls. VCAN-positive EV levels were associated 
with metastasis and mutation status [27]. Recent glycosaminoglycan 
profiling further revealed that EVs derived from A549 lung adenocar
cinoma cells exhibit increased CS abundance and a relative shift toward 
4-O-sulfated CS compared with EVs from BEAS-2B bronchial epithelial 
cells [31]. Although this study did not identify ofCS directly, it 
demonstrated that the abundance and sulfation pattern of EV-associated 
CS can be altered in cancer cells in a manner consistent with ofCS [12], 
supporting further investigation of tumor-associated CS structures on 
tdEVs.

Collectively, these studies show that proteoglycans capable of car
rying ofCS can be present on tdEVs and that the corresponding EV 
populations may have clinical value. Although these studies did not 
demonstrate the ofCS modification directly, they established that 
candidate ofCS-bearing proteins are accessible on tdEVs and provide a 
rationale for investigating whether ofCS-specific recognition may 
improve tdEV detection.

2.3. Emerging evidence for ofCS-positive tdEVs

Two recent studies provide the first direct evidence that ofCS is 
present on tdEVs, thus expanding the blood-based ofCS field beyond 
CTCs and circulating ofCS-modified proteoglycans (Fig. 2 and Table 1).

Enciso-Martinez et al. demonstrated that ofCS is detectable on indi
vidual tdEVs. Using orthogonal single-EV detection methods, tdEVs 
released by multiple cancer cell lines, including colorectal cancer, 
glioblastoma, lung adenocarcinoma, melanoma, ovarian cancer, and 
pancreatic cancer, were labeled with rVAR2. The specificity of rVAR2 
labeling was supported by a binding-deficient rVAR2 mutant, enzymatic 
removal of CS using chondroitinase ABC, and confirmation of ofCS 
detection using the anti-ofCS antibody fragment C9 [14]. Furthermore, 
elevated levels of rVAR2-labeled EVs were detected in several plasma 
samples from patients with advanced-stage pancreatic ductal adeno
carcinoma (PDAC) compared to healthy controls [28]. Together, these 
findings provide evidence that ofCS is present on tdEVs, although the ex 
vivo evidence was limited in cohort size and disease stage.

In a second study, Zhao et al. evaluated ofCS-positive tdEVs in 
plasma samples from 58 patients with PDAC, including patients with 
early- and advanced-stage disease [29]. Combining EV capture on latex 
beads with subsequent rVAR2 labeling, the authors showed elevated 
rVAR2-labeled EV signals in PDAC plasma compared to healthy donors 
and patients with non-malignant gastrointestinal or benign pancreatic 
diseases. The study reported improved diagnostic performance when 
combining ofCS-positive tdEV detection with serum carbohydrate anti
gen 19–9 (CA19–9), the most widely used clinical biomarker for PDAC 
disease monitoring [29,32]. However, it remains unclear whether the 
non-selective bead capture of plasma particles is influenced by variable 
abundance of non-tumor EVs and NVEPs, which can vary over 100-fold 
among plasma samples [33]. These particles can occupy available 
binding sites and may thereby reduce recovery of ofCS-positive tdEVs if 
bead-binding capacity becomes limiting.

These two studies provide complementary evidence. Enciso- 
Martinez et al. established the surface accessibility and molecular 
specificity of ofCS on individual tdEVs across several cancer models. 
Zhao et al. extended the clinical evaluation to a larger PDAC cohort. 
Together, the studies provide analytical and clinical proof of principle, 
but neither yet establishes pan-cancer clinical performance or validates 
direct ofCS-selective tdEV enrichment from plasma. Both studies also 
detected low rVAR2 signals in control samples, which may reflect weak 

interactions of rVAR2 with non-oncofetal CS structures or other sources 
of background binding. Inter-patient variability and signal overlap be
tween PDAC and control samples may limit assay specificity, under
scoring the need for further optimization, robust threshold definition, 
and validation in larger independent cohorts.

3. Critical challenges and future perspectives

3.1. Translational barriers of ofCS-positive tdEV detection

The recent detection of ofCS-positive tdEVs in plasma from PDAC 
patients supports further investigation of their potential as cancer bio
markers. Moreover, the release of ofCS-positive tdEVs by multiple can
cer cell lines suggests that their clinical relevance may extend beyond 
PDAC. However, translation into clinical practice will require systematic 
efforts to overcome the methodological challenges currently associated 
with tdEV detection and analysis (Table 2).

At a general level, variability in pre-analytical procedures, EV 
isolation protocols, and detection methods influence which particle 
populations are recovered and measured (Table 2). These factors all 
contribute to limiting the comparability and reproducibility of tdEV 
measurements across studies and laboratories. Accordingly, transparent 
reporting of pre-analytical and experimental procedures compliant with 
MISEV and MIBlood-EV guidelines [1,33], together with instrument 
calibration and interlaboratory comparisons, are essential for repro
ducible tdEV detection.

An important priority for exploring the biomarker potential of ofCS- 
positive tdEVs is to establish the specificity of ofCS-based detection, 
particularly given the background signals observed in healthy controls 
and individuals with non-malignant disease. Because altered protein 
glycosylation can also occur in inflammatory conditions [37], large 
validation studies should include both benign-disease and inflammatory 
controls. Critically, future studies should define the intended clinical use 
of the assay, such as differential diagnosis, early detection in high-risk 
populations, prognosis, treatment monitoring, or molecular profiling 
because each application requires different patient cohorts, control 
populations, performance thresholds, and validation designs. Positive 
and negative predictive values should be established in populations 
representative of the intended clinical setting, because these measures 
depend on disease prevalence. In addition, assay validation could follow 
a ‘fit-for-purpose’ approach, in which the requirements for analytical 
performance, such as sensitivity, specificity, reproducibility and 
robustness, are tailored to the intended clinical use of the assay [38]. 
Finally, the diagnostic performance of ofCS-positive tdEV readouts 
should be compared directly with that of established clinical bio
markers, including CA19–9 for PDAC and CEA for relevant gastroin
testinal cancers, to assess their added clinical value.

Scalability is a key requirement for clinical implementation. Current 
methods involve trade-offs between molecular resolution, sensitivity, 
throughput, workflow complexity and scalability. High-resolution sin
gle-EV imaging provides strong analytical evidence but may be difficult 
to implement routinely without automation. Conversely, bead-based 
flow cytometry and immunoassay formats may offer higher 
throughput, but require rigorous control of capture efficiency, nonspe
cific capture of background particles, reproducibility, and threshold 
definition. Development of scalable assay formats should therefore 
proceed in parallel to clinical validation.

3.2. Opportunities for ofCS-selective tdEV enrichment

A major opportunity of ofCS-targeting is selective affinity-based 
enrichment of tdEVs from patient biofluid. This approach enriches the 
ofCS-exposing tdEV subpopulation while reducing the contribution of 
non-tdEVs and NVEPs. This may not only facilitate tdEV detection, but 
also detailed biochemical characterization of the tdEV cargo. tdEVs can 
carry nucleic acids, proteins, glycans, lipids, and metabolites that reflect 
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Fig. 2. Complementary evidence for oncofetal chondroitin sulfate (ofCS) on tumor-derived extracellular vesicles (tdEVs). Enciso-Martinez et al. demonstrated 
surface-accessible ofCS on EVs from multiple cancer cell models using orthogonal single-vesicle methods and specificity controls, with proof-of-concept analysis of 
PDAC plasma samples. Zhao et al. evaluated rVAR2 labeled tdEVs in plasma from PDAC patients using non-selective latex-bead capture and bead-based flow 
cytometry. Together, these studies establish analytical and clinical proof of principle while highlighting the need to address background signal, tumor origin, assay 
recovery, scalability, and prospective clinical performance. Abbreviations: CA19–9, carbohydrate antigen 19–9; ChABC, Chondroitinase ABC; CRC, colorectal cancer; 
CTCs, circulating tumor cells; GI, gastrointestinal; PDAC, pancreatic ductal adenocarcinoma; rVAR2, recombinant VAR2CSA.
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the tumor of origin and may be associated with prognosis, treatment 
response, or disease progression [4].

While selective enrichment of ofCS-positive tdEVs may allow access 
to tumor-associated information, enrichment strategies should be opti
mized to maximize tdEV recovery and purity. Because ofCS abundance 
may vary among tumor types, patients, subclones, treatment states and 
EV subpopulations, parallel capture of several tumor-associated markers 
may broaden tdEV coverage. On the other hand, combinatorial targeting 
of multiple markers on individual tdEVs may improve specificity at the 
cost of sensitivity.

3.3. Biological unknowns of ofCS-modified tdEVs

Beyond their potential clinical value, tdEVs can influence cancer 
progression in experimental models by altering recipient-cell signaling, 
shaping the tumor microenvironment, and by promoting metastatic 
dissemination [4,5]. Whether ofCS exposed on tdEVs contributes to 
these biological effects, however, is yet unknown.

On cancer cells, ofCS is associated with cancer cell adhesion, 
migration, invasion, and metastatic spread [13]. Mechanistically, ofCS- 
modified proteoglycans interact with integrins, including α4- and β1- 
integrins. Blocking ofCS with rVAR2 reduced Src phosphorylation and 
downstream signaling, suggesting that ofCS supports integrin-associated 
signaling pathways involved in tumor-cell motility. Interestingly, tdEVs 
can also carry functional integrins and activate Src tyrosine kinase 
signaling following interaction with recipient cells [39]. EV-associated 
integrins are implicated in organ-specific biodistribution and pre- 
metastatic niche formation, where EV integrins α6β4 and α6β1 are 
associated with lung tropism, whereas αvβ5 is linked to liver tropism 
[39]. Because proteoglycans can interact with integrins [40], it can be 
speculated that tdEVs may enrich proteoglycan-mediated interactions at 
their surface, thereby influencing integrin-dependent signaling path
ways involved in cell adhesion, organotropism or pre-metastatic niche 
formation. These observations raise the possibility that ofCS influences 
tdEV adhesion, uptake, biodistribution, or recipient-cell signaling, but 
no direct evidence currently links tdEV-associated ofCS to these 

Table 2 
Key translational barriers and development priorities for tumor-derived extra
cellular vesicle liquid biopsy.

Challenges Why it matters Development priority

General tumor-derived extracellular vesicle liquid biopsy challenges

Biofluid complexity

Plasma contains abundant 
blood-cell-derived EVs and 
NVEPs, including 
lipoproteins and protein 
complexes. Residual platelets 
and ex vivo platelet 
activation are additional 
confounders that affect EV 
measurements [33].

Use orthogonal 
characterization 
approaches to distinguish 
tdEV-associated signal from 
non-tumor EVs and NVEPs.

Pre-analytical 
variability

Blood collection, processing, 
and storage affect 
composition and 
concentration of plasma 
particles, including EVs [33].

Report the used protocols 
and sample composition 
transparently according to 
EV reporting guidelines 
[1,33].

EV heterogeneity

EVs vary in size and 
biochemical composition. 
Thus, different subsets of EVs 
are isolated by size-, density-, 
precipitation- and affinity- 
based isolation methods 
[34].

Report the EV isolation 
protocol transparently [1]
and evaluate impact of 
isolation method when 
interpreting tdEV 
abundance or cargo.

Analytical 
reproducibility

Analytical detection and 
characterization methods (e. 
g. microscopy, flow 
cytometry, PCR, sequencing, 
immunoassays, omics) differ 
in sensitivity, measurable 
particle range, throughput, 
amplification, and 
susceptibility to matrix 
effects. Consequently, assay 
outputs are platform- and 
workflow-dependent 
[34,35].

Establish fit-for-purpose 
analytical performance; 
ensure comparable and 
reproducible data by 
instrument calibration, by 
performing interlaboratory 
comparison studies, and by 
transparent reporting of 
experimental parameters 
including detection limit 
[35,36,38].

Clinical validation 
and 
implementation

Most tdEV assays remain at 
the proof-of-principle stage, 
and are insufficiently robust 
or clinically interpretable 
across laboratories and 
patient populations.

Define the intended clinical 
use and validate 
prespecified thresholds in 
large prospective cohorts 
with relevant benign and 
inflammatory controls; 
compare performance with 
current diagnostic 
pathways and assess added 
clinical value.

Challenges shared by affinity-based tumor-derived extracellular vesicle assays

Marker specificity 
and tumor 
heterogeneity

Tumor-associated marker 
expression may vary across 
tumor types, disease stages, 
subclones, treatment states 
and EV subpopulations. 
Single-marker strategies may 
not capture the full diversity 
of tdEVs.

Evaluate multiplex 
strategies including 1) 
parallel capture with 
complementary markers to 
broaden tdEV coverage, and 
2) combinatorial targeting 
of multiple markers on 
individual tdEVs to improve 
specificity.

Affinity capture: 
recovery versus 
purity

Capture depends on reagent 
affinity, epitope abundance 
and accessibility, matrix 
effects, soluble ligand 
competition, and nonspecific 
binding, creating a trade-off 
between recovery and purity.

Use appropriate controls to 
assess recovery and 
nonspecific binding, and 
benchmark capture formats 
in dedicated assay- 
development studies.

Challenges specific to ofCS-based tumor-derived extracellular vesicle assays

Evidence level and 
clinical scope

Emerging clinical evidence 
for ofCS-positive tdEV 
detection is present for 

Extend assays to larger 
PDAC cohorts, include 
additional tumor types,  

Table 2 (continued )

Challenges Why it matters Development priority

PDAC, whereas broader 
relevance of ofCS for liquid 
biopsy is supported by CTCs 
and soluble ofCSPGs 
[15,19–23,28,29].

disease stages and clinically 
relevant controls.

Assay specificity

Low rVAR2 signals in plasma 
samples from healthy and 
non-malignant subjects may 
likely reflect weak binding to 
non-oncofetal CS structures 
and could limit assay 
specificity [28,29].

Assess specificity in 
healthy, benign and 
inflammatory controls; 
include enzymatic CS 
removal, binding-deficient 
rVAR2, independent anti- 
ofCS reagents and platform- 
specific background 
controls.

Assay format design

Single-EV methods provide 
strong analytical evidence 
but may be difficult to scale 
without automation, 
whereas broad particle 
capture may offer greater 
throughput but can be 
affected by variable co- 
capture and plasma matrix 
effects.

Develop direct ofCS- 
selective EV enrichment 
from plasma, compare with 
broad EV capture and 
single-EV methods. Apply 
‘fit-for-purpose’ approach 
to address scalability, 
robustness and 
reproducibility, and 
compare performance 
against current clinical 
diagnostics.

Abbreviations: CTC, circulating tumor cell; EV, extracellular vesicle; NVEPs, 
non-vesicular extracellular particles; ofCS, oncofetal chondroitin sulfate; 
ofCSPG, ofCS-modified proteoglycan; PDAC, pancreatic ductal adenocarcinoma; 
rVAR2, recombinant VAR2CSA; tdEV, tumor-derived extracellular vesicle.
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processes.
Several additional questions remain unresolved and should be 

addressed in future studies. For example, it is unclear how ofCS- 
modified proteoglycans are incorporated into tdEVs. Their presence 
may result from selective sorting into specific EV subtypes, or from 
passive incorporation during plasma-membrane budding and vesicle 
release. It also remains unknown whether EV-associated ofCS contrib
utes to interactions with immune cells and immunomodulatory effects of 
tdEVs [4,5]. Defining the biogenesis, molecular composition and bio
logical functions of ofCS-positive tdEVs may reveal whether ofCS is 
solely a marker of tumor origin or also contributes to cancer progression.

4. Conclusion

ofCS adds a new dimension to tdEV liquid biopsy by targeting a 
tumor-associated glycan that is displayed across multiple proteoglycan 
backbones. The field has progressed from biological rationale of ofCS- 
based targeting to direct proof of principle on tdEVs, with single- 
vesicle evidence across cancer models and initial clinical findings in 
PDAC. A key next step is to establish whether ofCS-based assays can 
reproducibly distinguish tdEV from plasma background signals, and 
provide value within well-defined clinical settings. Future work should 
prioritize the analytical and clinical validation of ofCS-based tdEV 
detection, in parallel with the development of scalable, reproducible and 
cost-effective assays. Success could deliver both a cancer-associated 
biomarker readout and an affinity route for enriching tdEVs for molec
ular and functional analysis.
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