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Multi-cancer detection of circulating
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chondroitin sulfate
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Liquid biopsies for the detection of circulating tumor cells (CTCs) are a promising strategy for
personalized cancer management. However, traditional CTC detection platforms are often
constrained to epithelial cancers, vulnerable to phenotypic changes, and rely on specialized devices
for standardized detection, restricting the clinical utility across diverse cancer types and healthcare
settings. In this study, we present a tumor-agnostic, platform-independent CTC detection strategy
based on recognition of the cancer-specific glycosylation, oncofetal chondroitin sulfate (ofCS).
Through coupling of the ofCS-binding protein, VAR2CSA, to a fluorophore-carrying dextran polymer,
we successfully detected ofCS-positive CTCs from blood samples in two diverse and independent
cohorts comprising early- and late-stage cancer patients of both epithelial and non-epithelial tumor
origin. In addition, no ofCS-positive cells were detected in non-malignant controls. Thus, targeting of
ofCS has the potential to expand the range of patients who could benefit from CTC analysis,
enhancing the clinical utility in various cancer settings.

The release of tumor-derived products into the blood circulation provides
an easy accessible source for the molecular characterization of cancers,
enabling diagnosis, prognostic stratification, and ability to monitor treat-
ment efficacy1. Circulating tumor cells (CTCs) are one of the most studied
liquid analytes as these cells cause the dissemination of cancers and contain
phenotypic and genotypic information about the tumor2. Although CTCs
hold great promise as cancer biomarkers, the rarity of these tumor cells in
the blood along with their heterogenic nature, pose considerable challenges
toward routine clinical implementation3,4.

Strategies for enrichment of CTCs from a blood sample can
essentially be divided into antigen-dependent and antigen-
independent methods, exploiting distinct phenotypic traits or physi-
cal characteristics of the CTCs. So far, antigen-dependent methods
have primarily been applied to patients with epithelial cancers by
utilizing antibodies against the epithelial cellular adhesion molecule
(EpCAM) not expressed on leukocytes for magnetic retrieval followed
by cancer-specific detection using pan-cytokeratin (CK) antibodies5–7.
However, the use of antibodies towards one or few epithelial proteins

renders CTC detection vulnerable to changes in expression level or
downregulation of the selected marker8–10. Alternatively, strategies
based on depletion of leukocytes11 or antigen-independent separation
of CTCs from healthy blood cells based on biophysical properties such
as cell size, deformability, electrical charge, and density5,12, have
improved isolation of CTCs of non-epithelial origin or low expression
of epithelial markers. Yet, as most epitope-independent platforms co-
isolate varying levels of white blood cells along with cancer cells, these
still benefit from downstream detection, which can be difficult due to
lack of specific mesenchymal markers. Therefore, newmarkers that are
unaffected by cancer origin and phenotypic changes, such as those
occurring during epithelial to mesenchymal transition (EMT), are
needed to improve detection of a broad repertoire of CTCs.

Compelling evidence links tumorigenesis with fetal development with
shared features that include cell differentiation, proliferation,migration, and
a high degree of immune evasion13,14. In cancer, fetal-like reprogramming of
malignant cells involves re-expression of oncofetal proteins or glycosyla-
tions normally silenced in healthy adult tissues15,16. Although various
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oncofetal plasma proteins such as alpha-fetoprotein or carcinoembryonic
antigen (CEA) are used as biomarkers routinely in clinical settings, limited
attention has been given to oncofetal markers as a strategy for CTC
detection17,18. We have previously shown that a distinct type of glycosami-
noglycan termed oncofetal chondroitin sulfate (ofCS) is abundant in both
placental and malignant tissues16,19. Structurally, ofCS is assembled from
repeating disaccharide units, and makes up long unbranched carbohydrate
chains that can bemodified by sulfations at various positions20. Importantly,
a multitude of proteins at the cancer cell surface can be post-translationally
modified with ofCS chains, securing a broad ofCS display independent of
changes in expression of single proteins21. Thus, surface-bound ofCS on
CTCs may serve as a robust cancer marker compared to traditional surface
proteins. We have previously shown that a recombinant version of the
malaria parasite protein VAR2CSA (rVAR2) specifically binds ofCS in a
wide range of malignancies with limited binding to noncancerous tissues
except the placenta16. Since this discovery, the unique cancer-specific
binding of rVAR2 has been explored within cancer diagnostics with a focus
on using the protein as a capture agent for magnetic isolation of CTCs22–24.
This strategy has allowed isolation of CTCs from glioma, pancreatic,
hepatic, and prostate cancer patients, demonstrating the utility of ofCS as a
cancer marker in both epithelial and mesenchymal cancers22,24,25. In exten-
sion of this work, we hypothesized that rVAR2 could be used for direct
detection of CTCs in blood, thereby bypassing the need for magnetic
enrichment or size-based separation technologies. For this purpose, we
developed a platform-independent approach for CTC detection based on
the staining of all nucleated cells from a blood sample using rVAR2 coupled
to a fluorophore-labeled dextran. In this study, we demonstrate the feasi-
bility of the stainingworkflow in a diverse set of clinical blood samples from
patients with non-specific symptoms and signs of cancer referred to a
diagnostic outpatient clinic as well as in a cohort of patients with advanced
cancer.

Results
rVAR2 bound to a dextran backbone binds ofCS on the
cancer cells
Directly modifying rVAR2 with fluorophores can affect the specificity and
affinity of the interaction with ofCS. Instead, we coupled biotinylated
rVAR2 to a dextran backbone (rVAR2:dextran) carrying multiple strepta-
vidin molecules and PE-fluorophores, which resulted in a higher avidity of
the rVAR2 protein combined with an enhanced fluorescence signal as
illustrated in Fig. 1a. To test if the cancer specificity of rVAR2was preserved
after dextran coupling, we evaluated the binding of the rVAR2:dextran by
flowcytometry on threedifferent cancer cell lines from lung (A549), ovarian
(ES-2) and colorectal cancer (COLO205), as well as on healthy human
peripheral blood mononuclear cells (PBMCs). All three cancer cell lines
bound rVAR2:dextran in a concentration-dependent manner, while we
observed minimal binding to healthy PBMCs (Fig. 1b). The tested cancer
cell lines were included due to their different epithelial phenotypes defined
by the expression of two commonly used epithelial CTCmarkers, EpCAM
and CK (Supplementary fig. 1b, c). Importantly, rVAR2 binding did not
correlate to EpCAM nor the CK status of the cell lines.

The ofCS binding region of the large rVAR2 protein contains two
conserved tryptophan residues in aWIW-motif flanked by multiple lysine-
residues (555KKKWIWKK562)26. Substitution of the WIW-motif and the
flanking lysine residues with alanine residues (rVAR2 mutant) induces a
structural change of the chondroitin sulfate (CS) binding groove, resulting
in decreased binding of rVAR2 to ofCS27. To determine if binding to the
cancer cells wasmediated by rVAR2 on the dextran polymer specifically, we
compared the binding of mutant dextran-coupled rVAR2 to cancer cells
with that of wildtype rVAR2:dextran. No binding of the mutant rVAR2 to
any of the cancer cell lines was observed, validating the rVAR2-specific
interaction (Fig. 1c, Supplementaryfig. 1d).Next, we assessed the binding of
rVAR2:dextran to cancer cells by flow cytometry after enzymatic digestion

Fig. 1 | rVAR2:dextran binds CS on cancer cells
with high specificity. a Graphic representation of
the rVAR2:dextran staining strategy. b Binding of
PE-labelled rVAR2:dextran to three cancer cell lines
(ES-2, COLO205, A549) and PBMCs from a healthy
donor asmeasured by flow cytometry (mean and SD
of triplicate measurements). c Staining of the cancer
cell lines with 4 nMof biotinylated rVAR2 or rVAR2
mutant (DBL1-ID2a 555AAAAIAAA562) coupled to
the PE-labelled dextran backbone (orange). The cell
nuclei were counterstained with DAPI (blue).
d, e Binding of PE-labelled rVAR2:dextran to the
cancer cell lines with or without pre-treatment with
Heparinase (2.5 mU/mL Heparinase II+ 5 mU/mL
Heparinase III) or Chondroitinase ABC (20 µg/mL)
as measured by flow cytometry (mean and SD of
triplicate measurements). P-value were determined
by one-way ANOVA, ns = non-significant,
***p < 0.001. f Binding of PE-labelled rVAR2:dex-
tran to the cancer cell lines with or without com-
petition with 25 µg/mL soluble heparan sulfate (HS)
or soluble chondroitin sulfate (CS). Graph shows
mean and SD of triplicate measurements.
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of cell-surface CS chains using chondroitinase ABC as well as digestion of
the similarly negatively charged heparan sulfate (HS) chains using hepar-
inase. As expected, pre-digestion of HS had no effect on rVAR2:dextran
binding to the cancer cells (Fig. 1d), whereas pre-digestion of CS completely
abolished rVAR2:dextran binding (Fig. 1e, Supplementary fig. 1e). Fur-
thermore, addition of soluble CS to the rVAR2:dextran staining mix
inhibited binding to the cancer cells while addition of HS had little effect,
again confirming the specificity to CS (Fig. 1f+ Supplementary fig. 2a, b).

rVAR2:dextran detects cancer cells spiked into blood
To test if the rVAR2:dextran staining can specifically distinguish cancer cells
from PBMCs, 10, 50, or 100 cancer cells were spiked into healthy donor
blood. After spike in, the plasma fraction was removed by centrifugation
followed by red blood cell lysis. Subsequently, the nucleated cells were
incubated with a mix of the rVAR2:dextran complex and fluorophore-
conjugated antibodies targeting leukocyte markers CD45, CD66b, and
CD16. Following staining, the cells were fixed and stained with DAPI to
detect cell nuclei. A cancer cell was defined as ofCS+ , DAPI+ , CD45−,
CD66b− and CD16− as exemplified in Fig. 2a. The average cancer cell
recovery was above 50%, demonstrating a reliable and efficient recovery.
Importantly, the recovery was unaffected by the number of cancer cells
spiked into the blood, indicating a high sensitivity for CTC detection
(Fig. 2b).

Clinical proof-of-concept of the rVAR2:dextran based method in
patient samples
To evaluate the clinical applicability of the rVAR2-dextran staining forCTC
detection, we tested themethod in two independent cohorts: i) patientswith

advanced cancer and ii) patients with suspected but undiagnosed cancer.
These cohortswere selected as they representmultiple different cancer types
as well as two different clinical settings, providing challenges highly relevant
for cancer biomarker testing.Only ofCS+ ,DAPI+ , CD45−, CD66b−, and
CD16− cells were considered CTCs.

The cohort of patients with advanced cancer (n = 28) included eleven
different cancer types of both epithelial and non-epithelial origin (Supple-
mentary table 1). Six out of the 25 patients (24%) with carcinomas had
detectable ofCS+ CTCs ranging from 1-127 cells per 4mL of whole blood,
while 3outof 3patients (100%)withnon-epithelial cancershad1or2ofCS+
CTCs in the same blood volume (Fig. 3a). The distribution of CTC positive
patients is shown in supplementary table 1. Notably, ofCS+ CTCs were
detected across 7 out of the 11 cancer types, including patient groups in
which the sensitivity of the established CTC strategies remains suboptimal
such as non-small cell lung cancer, urothelial carcinoma, ovarian carcinoma,
and glioblastoma28–35. Importantly, no ofCS+ cells were detected in blood
samples from 13 healthy donors, highlighting the cancer specificity of the
rVAR2:dextran staining (Fig. 3a, Supplementary table 1).

Besides being independent of tissue-origin, this ofCS staining method
does not pre-select CTCs based on affinity purification or physical char-
acteristics, which allows for the identification of CTCs with varying mor-
phology. In the 9 patients with advanced cancer and detectable ofCS+
CTCs, we observed a high degree of heterogeneity in terms of cell shape and
size (Fig. 3b). Furthermore, we detected ofCS+ CTCs with a range of dif-
ferent morphological appearances in a single patient diagnosed with
metastatic high-grade serous ovarian carcinoma. Here, the ofCS+ CTCs
could be grouped into four categories including (1) CTCs with a cell dia-
meter greater than the adjacent blood cells (n = 52); (2) large and elongated

Fig. 2 | rVAR2:dextran stains cancer cells in blood.
a Representative images of cancer cells (A549, ES-2
or COLO205) spiked into 1 mL of healthy donor
blood followed by staining with rVAR2:dextran
conjugated to PE (yellow), APC-conjugated anti-
bodies targeting CD45/CD66b/CD16 (magenta)
and DAPI (blue). Scale bar is 30 μm. b Recovery (%)
of 10, 50 or 100 cancer cells spiked into 1 mL of
healthy donor blood. The samples were stained and
identified as described in (a).
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Fig. 3 | Detection of ofCS+ CTCs in patients with
advanced cancer. a The number of ofCS+ CTCs
detected with rVAR2:dextran in 4 mL of blood in
patients with epithelial cancer (n = 25) or
mesenchymal cancer (n = 3) and in healthy controls
(n = 13). The samples were stained with PE-labelled
rVAR2:dextran and APC-conjugated antibodies
targeting CD45, CD66b and CD16. Cell nuclei were
stained with DAPI. b Representative immuno-
fluorescence images of ofCS+ CTCs from six dif-
ferent cancer patients. The CTCs were stained as
described in (a). A CTC was defined as ofCS(+),
CD45(−), CD66b (−), CD16(−) and DAPI(+).
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CTCs with defined cellular protrusions (n = 35); (3) CTC clusters of more
than two cells (n = 5); and (4) small CTCswith an overlapping cell diameter
compared to the adjacent blood cells (n = 35) (Fig. 4, Supplementary fig. 3).

We next applied the rVAR2:dextran method to a cohort of patients
with serious non-specific symptoms or signs of cancer such as fatigue,
weight loss, or diffuse pain, referred to an outpatient hospital clinic spe-
cialized in tailoring cancer diagnostic programs for such cases (n = 80,
Supplementary fig. 4)36–38. This cohort represented a diverse population
suffering from a spectrum of conditions, including various types of cancer,
autoimmune diseases, or infections36,39. After completing the diagnostic
program, 11 out of 80 patients (13.75%) were diagnosed with cancer,
representing both hematologic cancer (n = 4) and malignant solid tumors
(n = 7). Blood sample analysis showed detectable ofCS+CTCs in 4 (57.1%)
of the patientswith solid colorectal or prostate tumors (Table 1).Noobvious
correlation was observed between ofCS positivity, cancer staging, or pre-
sence of metastasis (Supplementary table 2). Additionally, no specific

comorbidity or levels of standard cancer biomarkers (CEA, PSA, CA125,
and CA19-9) was associated with the presence of ofCS+ CTCs (Supple-
mentary table 2).

In hematological cancers, the tumor cells arise from the hematopoietic
cell lineage and co-express leukocyte markers such as CD45, and therefore,
we could not report them as CTCs in this study as we used CD45 positivity
as one of our exclusion criteria. Still, 1 out of the 4 patients diagnosed with a
hematologic cancer (multiple myeloma) had presence of 37 ofCS positive
and CD45 negative CTCs in the blood sample (Table 1). This observation
could potentially be explained by high phenotypic heterogeneity inmultiple
myeloma patients, in which reduction of CD45 on the cancer cells has been
observed in late-stage patients40.

Interestingly, 6 out of the 69 patients (8.7%) who did not receive an
initial cancer diagnosis had detectable ofCS+CTCs (Table 2). Two patients
had previously been diagnosed with either breast cancer or lymphoma, but
no relapse was observed at the time of blood sampling. Furthermore, the
plasma levels of standard cancer biomarkers (CEA, CA-125, CA19-9 and
PSA) were within the normal range in all six patients (Supplementary
Table 2).

Fifteen months after the initial investigations, the follow-up status was
recorded in all patientswho did not receive an initial cancer diagnosis.Here,
2 out of the 69 patients had a subsequent cancer; a neuroendocrine tumor in
the ileum (8 months) and metastatic basosquamous carcinoma
(15months), respectively.NoofCS+CTCsweredetected in thepatientwith
a neuroendocrine tumor, however, the patient with subsequent
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Fig. 4 | Detection of morphologically diverse ofCS+ CTCs. The figure shows four
different morphological categories used to describe the ofCS+CTCs detected in a blood
sample from a patient with high-grade serous ovarian cancer. The sample was stained
with rVAR2:dextran (yellow), CD45/CD16/CD66b (magenta) and DAPI (blue).

Table 1 | Patients with a confirmed cancer diagnosis in the DOC cohort

Cancer diagnosis Tumor classification # of CTCs

Tumor stage Lymph node metastasis Distant metastasis

Prostate I No No >1000

Prostate II No No 0

Prostate II No No 0

Prostate IV Yes Yes 1

Colorectal (c.colon) IV Yes Yes 47

Colorectal (c.rectum) III Yes No 0

Colorectal (c.cecum) IV Yes Yes 1

Hodgkin’s lymphoma 1 A/B — — NA

Diffuse large B-cell lymphoma 3 A/B — — NA

Lymphoma 4 A/B — — NA

Multiple myeloma ISS2 — — 37

Each row represents individual patients. AJJC cancer stagingwas used for solid tumors (carcinomas), R-ISS stagingwas used formultiplemyeloma, and Lugano stagingwas used for lymphomas. 4mL of
blood was used for CTC detection. NA non-applicable.

Table 2 | Patients without confirmed cancer diagnosis but
detectable ofCS+ cells

Initial
diagnosis

#ofCTCs Previous cancer Cancer status after 15
months

No cancer 1 No cancer Stage III basosquamous
carcinoma

No cancer 4 No cancer No cancer

No cancer >1000 No cancer No cancer

No cancer 8 No cancer No cancer

No cancer 2 Breast cancer No cancer

No cancer 6 Diffuse large B-cell
lymphoma

No cancer

Each row represents one individual patient from the DOC cohort. The number of ofCS+ CTCs is
reported per 4mL of whole blood.
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disseminated skin cancer had presence of ofCS+CTCs in the blood sample
at the first DOC visit (Table 2).

Discussion
In this study, we present a platform-independent CTC detection strategy
based on targeting the glycosaminoglycan structure, ofCS, uniquely mod-
ified in cancers andubiquitously expressedonmalignant cells.We showthat
the recombinant protein rVAR2 coupled to a fluorophore-labelled dextran
detects cancer cells spiked into blood without the need for pre-enrichment,
allowing for the specific identification of tumor cells with various epithelial
phenotypes and morphologies. The dextran backbone has previously been
used to detect and monitor specific T-cell clones by flow cytometry, how-
ever, to our knowledge, this is thefirst applicationof the strategy in rareCTC
detection41,42.

With the advancements in algorithm-based image analysis and deep
learning networks, the development of image-driven platforms for CTC
analysis has emerged as a promising strategy. Several platforms, such as
RareCyteTM and EPICTM sciences, do not require pre-enrichment of the
target cells and utilize high-throughput image-based data of
immunofluorescence-stained cells for CTC analysis43–45. In particular, the
EPIC™ platform has been widely used and analytically validated in meta-
static prostate cancer patients, showing detection of a broad repertoire of
prostate CTC subtypes using CK for cell identification43,46,47. While CK is
commonly used for CTC detection in patients with epithelial cancers, it is
not applicable for mesenchymal cancers. Additionally, CK expression can
decrease in cells undergoing EMT. Therefore, new markers are needed to
identify CTCs exhibiting mesenchymal phenotypes.

Several studies have established a link between CTCs that have
undergone EMT and the acquisition of stem cell properties, leading to
enhanced metastatic ability and acquired therapy resistance48–51. Notably, a
recent study showed that rVAR2-captured CTCs from patients with pan-
creatic cancer include a subset of cancer stem cells24. In linewith this, ofCS is
continuously displayed on cancer cells during phenotype transition to a
mesenchymal state in vitro after induction of EMT by TGF-β treatment22,25.
Similarly, in this study, rVAR2:dextran staining enabled the identificationof
ofCS+CTCs with diverse phenotypes. One patient withmetastatic ovarian
cancer displayed CTC populations with varyingmorphologies, suggesting a
high level of intra-tumoral heterogeneity. For instance, 27.5% of the
observed ofCS+ CTCs were large and elongated with distinct cellular
protrusions, indicating an invasive and mesenchymal-like phenotype. This
finding is in accordance with a study reporting CTCs with mesenchymal
features in metastatic ovarian cancer patients undergoing platinum-based
chemotherapy52. Together, this indicates that rVAR2:dextran staining can
be used to detect CTCs with different phenotypes. Thus, to investigate the
ofCS expression on different CTC subpopulations further, additional anti-
bodies targeting markers present on cancer stem cells, as well as markers
present on epithelial andmesenchymalCTCphenotypes, would be valuable
to include in the staining mix. Additionally, an in-depth molecular analysis
of the CTCswould be needed to characterize the ofCS+CTCpopulation in
moredetail.Unfortunately, single-cell analysiswasnotpossible in this study.
It is probable that further optimization of the methodology, perhaps by
combining the rVAR2:dextran staining with other CTC platforms that
enable single-cell isolation, would allow a better characterization of these
cells, ultimately providing a pathway to identify new therapeutic targets.

To show clinical proof-of-concept of targeting ofCS on CTCs in a
broad range of cancer types, we applied the rVAR2-baseddetection to blood
samples from a heterogeneous population of cancer patients with varying
disease severity, different cancer diagnoses, and treatment histories. In the
cohort of patients with diverse and advanced cancers, we found ofCS+
CTCs in 7 out of the 11 cancer types investigated, including both epithelial
and non-epithelial cancers. Yet, for patients with epithelial cancer, only 24%
of patients had ofCS+ CTCs. Due to the low number of patients in each
subgroup, an expansion of the study with more patients is needed to draw
conclusions on the assay sensitivity for individual cancer types. One
potential explanation for the low detection rate in the clinical cohorts could

be the number of centrifugation steps during the staining protocol, poten-
tially leading to cell loss. Despite the robust recovery observedwhen spiking
cancer cell lines into whole blood, improvements in the assay design either
through fewer centrifugations or by fixing the cells earlier in the process,
might increase the detection of patient CTCs in the future. Another lim-
itation of the study is the low volume of blood analyzed from each patient
(4mL) compared to other establishedCTCplatforms that use 7.5mL blood
as a standard53,54. As CTCs are extremely rare, future studies utilizing larger
blood volumes would be valuable to increase the detection rate, and directly
compare the detection of ofCS+CTCs using the rVAR2:dextran with other
CTC platforms. Alternatively, staining with rVAR2:dextran downstream of
diagnostic leukapheresis that enrich CTCs through continuous cen-
trifugation of peripheral blood could be applied to increase the assay sen-
sitivity and ofCS+ CTC detection55,56.

Prior to diagnosis, more than 25% of patients with cancer present with
a broad range of nonspecific symptoms that cannot be related to a specific
organ system36. This diversity in symptoms poses a challenge in devising an
effective diagnostic approach, potentially resulting in diagnostic delay or
false negative results where the patient is discharged from a diagnostic clinic
without a confirmed cancer diagnosis, only to return shortly after with
cancer39. Out of the 80 patients in the diagnostic outpatient clinic cohort,
13.8% were confirmed to have cancer. This distribution aligns with the
reported cancer prevalence of prior national studies investigating patients
referred to similar diagnostic clinics37–39. The rVAR2:dextran workflow
detected ofCS+ CTCs in 57.1% of patients diagnosed with a solid tumor.
However, a limitation of this study includes detection of CTCs in patients
with hematological cancers. This shortfall is primarily explained by the fact
that hematologic CTCs often co-express leukocytemarkers, whichhampers
CTCdetection in our assay. To adapt the rVAR2-based detection to include
patients with hematological malignancies, alternative markers instead of
CD45areneeded todistinguishnon-malignantblood cells in theprocessing.

Among the 69 patients who did not receive an initial cancer diagnosis,
weobserved circulatingofCS+CTCs in6patients.Oneof these patientswas
later diagnosedwithmetastatic skin cancer, indicating that these tumor cells
could be circulating before the cancer became detectable in the clinic.
Within the remaining 5 patients, 2 patients had previously been diagnosed
with either lymphoma (11 years) or breast cancer (5 years) prior to referral
to the diagnostic outpatient clinic. Emerging evidence suggests that residual
cancer cells can remain dormant for years until subsequent outgrow of
metastasis, resulting in late disease recurrence in breast cancer patients57.
Moreover, lymphoma survivors have an increased risk of developing sec-
ondary malignancies due to both intrinsic disease factors and the effects of
previous chemotherapy and radiation treatments58,59. For instance, a ret-
rospective study of 142,637 patients diagnosed with Non-Hodgkin’s lym-
phoma found that 11.3% of the patients later developed secondary
malignancieswith breast, head, and neck and bladder cancer being themost
prevalent cancer types after 10 years60. Whether the presence of ofCS+
CTCs in the blood serves as an indicator of disease recurrence or the
development of a secondary malignancy remains to be determined. How-
ever, a recent UK study found that among the patients participating in an
urgent cancer referral program who did not receive an initial cancer diag-
nosis, 1,338 per 100,000 were later diagnosed with cancer within 5 years61.
This frequency was higher than the background population, which could
indicate that the follow-up period of 15 months in this study might have
been too short to determine whether the detected ofCS positive cells in the
undiagnosed patients (n = 5) were false-positive events or indicators of an
occult tumor.

In conclusion, targeting of ofCS on CTCs using the rVAR2 protein
coupled to a dextran backbone provides a method for multi-cancer and
platform independentCTCdetection in patientswith diverse cancers. In the
future, the ofCS staining strategy could potentially be implemented as a
staining mix in other CTC platforms, offering enhanced detection of non-
epithelial and mesenchymal-like CTCs. Furthermore, as the ofCS-
modification is present at the cell surface, this strategy could also enable
the identification of live CTCs for ex vivo culturing or transcriptomic
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profiling, bypassing the need for cell fixation and intracellular staining
known to affect RNA integrity.

Methods
Patient sample collection and eligibility
Two clinical centers participated in this study: (a) The Phase I Unit at the
Department of Oncology, Copenhagen University Hospital—Rigshospita-
let, Denmark, and (b) the Diagnostic Outpatient Clinic (DOC), Copenha-
gen University Hospital—Herlev and Gentofte, Denmark.

Peripheral blood samples were collected in K2EDTA tubes (BD Bios-
ciences), and 4mL was used for CTC analysis. The blood samples were
processed within two hours of collection at the Center for Translational
Medicine and Parasitology at University of Copenhagen, Denmark.

Collection of blood samples from healthy asymptomatic control sub-
jects (n = 13) who had no history ofmalignant disease and no known illness
at the time of blood collection was approved by the Danish Regional Ethics
Committee (H-19039400).The studywas conducted in compliancewith the
principles of the Declaration of Helsinki, and all the enrolled patients and
healthy subjects gave written informed consent before inclusion according
to the guidelines of the Danish Ethics Committee.

Phase I cohort
From September 2020 to February 2023, 28 patients with advanced solid
cancers were eligible for the study as part of the Copenhagen Prospective
Personalized Oncology study (CoPPO, NCT02290522). The study was
approved by the Danish Data Protection Agency (j.no.: 2012-58-004) and
theRegional andNational EthicsCommittees (file number: 1300530 andH-
16046103, respectively)62. Testing of new experimental cancer treatments is
often conducted in this clinical setting, in which implementation of new
liquid biomarkers might be of value to evaluate both the clinical and ther-
apeutic benefit of a given drug63. In this study, all patients had previously
exhausted every standard treatment options andwere referred to the Phase I
Unit for experimental treatment62. The blood sample for CTC analysis was
collected before initiation of treatment.

DOC cohort
FromDecember 2021 to April 2023, 87 patients were enrolled in this study
under the MICA protocol approved by the Danish Regional Ethics Com-
mittee (H-7-2014-011), investigating translational biomarkers of early
cancer diagnosis. Seven patients were excluded from the study population,
of which five were based on deviations in sample processing. In addition,
one patient was excluded upon discovery of concurrent treatment for a
previously diagnosed cancer at the time of inclusion, and one patient passed
away before the diagnostic investigation was completed (Supplementary
Fig. 4). The criteria for referral to the DOC have been described in more
detail elsewhere37. Briefly, all patients donated blood before a final diagnosis
wasmade. During the diagnostic evaluation, the patients underwent a series
of diagnostic investigations, including a battery of blood tests with standard
or explorative biomarkers, diagnostic imaging, and tissue biopsies when
indicated. When a specific disease or type of cancer was diagnosed or sus-
pected, the patient was referred to an organ-specific cancer patient pathway
or other medical specialists37,39,64. Cancer-specific mortality, emigration, or
deathdue toother causeswere recorded, and follow-upcancerdiagnosiswas
available after 15 months of DOC inclusion by reviewing of electronic
medical records.

Protein production
The recombinant truncated VAR2CSA protein (rVAR2) spanning the
DBL1-ID2a domains and the non-ofCS binding rVAR2 mutant DBL1-
ID2a555AAAAIAAA562 including a His tag, Spytag, and C-terminal V5-tag
was expressed in Shuffle T7 Express Competent E. coli cells (New England
Biolabs, C3029J)27. Following lysis of the cell pellet, the soluble rVAR2
protein was purified using two chromatography steps. Firstly, an affinity
step using HisTrap HP (Cytiva, USA) and secondly, a cation exchange step
HiTrap SP HP (Cytiva, USA), as previously described16. The purity of the

monomeric proteins was analyzed by SDS-PAGE, and the specificity
towards ofCS was ensured by ELISA and flow cytometry, as previously
described23,25. The SpyCatcher protein with a C-terminal 6x-histidine tag
was produced in E. coli BL21 DE3 cells (C2527H, New England Biolabs).
The SpyCatcher domain with histidine tag was purified using affinity
chromatography using a HisTrap HP column (Cytiva) followed by anion
exchange chromatography using HiTrap Q HP column (Cytiva). Subse-
quently, the SpyCatcher was biotinylated using NHS-biotin (Sigma-
Aldrich) dissolved in DMSO. The NHS-biotin was mixed with SpyCatcher
in a 10:1 molar ratio. After 1 h of incubation (room temperature), the
biotinylated SpyCatcher proteins were purified using a Zeba™ spin column
with 7 kDa cutoff (Thermo Fischer). The purity of the protein and its ability
to form an isopeptide bond to Spy-tagged rVAR2 was evaluated by SDS-
Page. The Chondroitinase ABC (Uniprot P59807) protein with a
C-terminal 6x-hisitine tag was expressed in E. coli Shuffle T7 express
(C3029J, New England Biolabs). The protein was purified using two chro-
matography steps, first an affinity step on HisTrap HP (Cytiva) and sub-
sequently size exclusion using Sephacryl S-300 (Cytiva).

Conjugation of rVAR2 to fluorophore-labelled dextran
The rVAR2 protein was biotinylated through the SpyTag-SpyCatcher
technology by mixing of SpyTagged-rVAR2 with biotinylated SpyCatcher
in a 1.2:1molar ratio. Themixed proteinswere incubated for 1 hour at room
temperature. Next, the biotinylated rVAR2 proteins were coupled to a
dextran backbone carrying both PE fluorophores and streptavidin (DX01-
PE, Immudex, Denmark). The PE-labelled dextran backbone contained
5 streptavidinmolecules equal to 20biotin-acceptor sites. For conjugationof
biotinylated rVAR2 to thedextran, rVAR2anddextranweremixed in a 15:1
molar ratio to occupy ~75% of the biotin acceptor sites. The mix was
incubated, protected from light, for 30min at room temperature and stored
on ice until use for maximum 30min. The conjugation volume was cal-
culated according to the manufacturer’s recommendation (Immudex,
Denmark).

Cell culturing
The A549 and COLO205 cell lines originated from the American Type
Culture Collection (ATCC). The ES-2 cells were kindly gifted from Mads
Daugaard (University of British Columbia, Canada). The A549 cell line was
cultured inDMEMGlutaMax (Gibco®, 10566-016). TheCOLO205 cell line
was maintained in RPMI 1640 (Gibco®, 61870-010), and the ES-2 cell line
was cultured in McCoy’s 5a medium (Sigma, M9309) with an additional
supplement of 1% L-Glutamine (Merck, G7513). All cell media were sup-
plemented with 10% fetal bovine serum (FBS, Thermo Fischer, 10270-106)
and 1%penicillin-streptomycin (Pen/Strep, Gibco®Life Technologies). The
cells were maintained at 37 °C, 5%CO2, and passaged when reaching ~70%
confluence. Cell cultures were tested for mycoplasma contamination on a
regular basis, and all experiments were performed with mycoplasma-
free cells.

Staining specificity testing
Cancer cells grown at ~70% confluence were detached using Accutase
(Gibco®, A111-05-01) and washed using Dulbecco’s PBS (DPBS, Sigma,
D8537) containing 2% FBS (Thermo Fischer, 10270-106). In some
experiments, a portion of the cancer cells were pre-treated with chon-
droitinase ABC (chABC, 20 µg/mL) or a heparinase (HSase) mix (2.5 mU/
mLHSase II+ 5mU/mLHSase III, IBEX) in DPBS containing 2% FBS for
30min (37°C). As a control, untreated cells were incubated for 30min
(37 °C) in DPBS containing 2% FBS. The cells were washed twice in DPBS
containing 2% FBS and placed into a 96-well round-bottom plate or a
1.5mL Eppendorf tube at 105 cells per well/tube, depending on the setup.
Next, the cells were incubated for 30min (4 °C) with either 3 nM (flow
cytometry read-out) or 4 nM (fluorescence microscopy read-out) of PE-
labelled rVAR2:dextran inDPBS containing 2% FBSwith an adjusted NaCl
concentration of 300mM. For inhibition assays, 25 µg/mL of soluble CS
(amsbio, 370710-IEC) or 25 µg/mL of soluble HS (Sigma, H7640) were
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added to the rVAR2:dextran staining mix. To measure the efficiency of the
HSase enzyme treatment, the cancer cells were incubated with a primary
anti-HS antibody (amsbio, 370255-S, 1:1000) in DPBS containing 2% FBS
for 30min. (4 °C). The cells were then washed twice and incubated with a
FITC-conjugated goat anti-Mouse IgM secondary antibody in DPBS con-
taining 2% FBS for 30min. (Invitrogen, cat. no. 31992, 1:100) see Supple-
mentary Fig. 1a.

Next, the cellswerewashed twice inDPBScontaining2%FBSandfixed
in 4% paraformaldehyde (PFA, Alfa Aesar, J61899.AK) for 5min. at room
temperature. For all flow cytometry experiments, the cells were diluted in
DPBS and analyzed on the Cytoflex S instrument (Beckman-Coulter)
including three technical replicates. Data analysis was performed using
FlowJo software (v. 10.1). For fluorescence microscopy analysis, the cells
were washed in DPBS after fixation, and the cell nucleus was stained with
4’,6-diamidino-2-phenylindole (DAPI, 1:1000, Fischer Scientific, D1306)
diluted in DPBS. Next, the cells were plated on a glass microscopy slide,
mounted, and scanned using the CytationTM 5 Cell Imaging Multi-Mode
Reader (BioTek, 20× magnification, 0.8 N.A). The mean fluorescence
intensities of the rVAR2:dextran-PE per cell were measured on 500 single
cells from each condition in the Gen 5 software (version 3.10) using the
analysis tool with a threshold value of 4000 (DAPI channel),min. object size
of 5 µm and max object size of 100 µm.

Epithelial marker analysis
Cancer cells at ~70% confluence were detached using Accutase and washed
using DPBS containing 2% FBS. The cells were added to a 96-well round-
bottom plate at 105 cells per well. For EpCAM detection, the cells were
incubated with PE-conjugated anti-EpCAM (clone VU-1D9, Abcam,
ab112068, 1:100)diluted inDPBScontaining2%FBS for 30min. (4 °C).The
cells were washed twice inDPBS containing 2%FBS and fixedwith 4%PFA
for 5min. (room temperature) before flow cytometry analysis as previously
described.

For analysis of CK expression, the cells were added to a 96-well round-
bottomplate at 105 cells per well. The cells were washed inDPBS containing
2% FBS and fixed in 4% PFA for 5min. (room temperature). The cells were
washed twice in DPBS and permeabilized for 20min. in DPBS containing
1% BSA (Sigma-Aldrich, A3059) and 0.15% Saponin (Sigma-Aldrich,
47036). Next, the cells were incubated for 30min. with a cocktail of PE-
conjugated CK antibodies (clone C-11, Abcam, ab52460, 1:50 and clone
CK-19, Santa Cruz Biotechnology, sc-6278, 1:100) in DPBS containing 1%
BSAand0.05%Saponin. The cells werewashed twice inDPBS and analyzed
by flow cytometry as previously described.

Cancer cells spiked into whole blood
Cancer cells at ~70% confluence were detached using Accutase and washed
in DPBS. The cells were resuspended in 2mL of pre-heated cell media, and
the cell concentration was counted manually using a hemacytometer. For
spiking of 100 cells, the cells were diluted to a concentration of 10,000 cells/
mL inDPBS. A volume of 10 µL from the cell dilution was added to 1mL of
healthy donor blood. To estimate the number of cells spiked into the blood,
10 µL of the same cell dilution used for spiking was transferred to a
microscopy slide (in triplicates), and the exact number of cells wasmanually
countedusing a lightmicroscope (10×objective). The average cell countwas
set as a reference for calculating the percentage of recovered cells. For spike
in of lower cell numbers, the cells were diluted to 5000 cells/mL (spike in of
50 cells) or 1000 cells/mL (spike in of 10 cells).

Staining of CTCs in blood
After spiking of the cancer cells into whole blood, the plasma fraction was
removed after centrifugation (400 x g, 10min. at room temperature), and
replaced with an equal volume of room-temperature DPBS containing 2%
FBS. The red blood cells were subsequently lysed by diluting the sample in
RBC lysis buffer, reaching a final concentration of 0.01M potassium
hydrogen carbonate, 0.155M ammonium chloride, and 0.1mM EDTA.
After incubation for 13min., the samples were centrifuged (400 x g, 8min.

at room temperature), and the pelleted cells were washed in DPBS con-
taining 2% FBS. Subsequently, the samples were stained with a cocktail of
PE-conjugated dextran complexed with rVAR2 (4 nM) in combination
with APC-labelled antibodies targeting CD45 (1:20, Thermo Fischer, 17-
0459-42, clone: HI30), CD16 (1:40, Thermo Fischer, MHCD1605, clone:
3G8), and CD66b (1:20, Miltenyi Biotec, 130-117-692, clone: REA306) in
DPBS containing 2% FBS with an adjusted NaCl concentration of 300mM
(final concentration). Following staining, the samples werewashed inDPBS
containing 2%FBS andfixedwith cold 4%PFA for 5min. Subsequently, the
cell nuclei were stained with DAPI (1:1000) diluted in DPBS. The samples
were plated on glass microscopy slides (1.5 × 106 cells per slide) and ana-
lyzed by fluorescence microscopy as described below.

CTC identification
The sampleswere scannedusing theCytationTM 5Cell ImagingMulti-Mode
Reader (BioTek, 20× magnification, 0.8 N.A) or the Zeiss Axio Z1 auto-
mated slide scanner (20×magnification, 0.8 NA objective). The CTCs were
enumeratedmanually using theGen5 software (BioTek, version 3.10) or the
Zeiss Zen Blue version 3.1 software. A CTC was defined based on ofCS(+)
and DAPI(+), CD45(−), CD16(−), CD66b(−).

Graphs and statistics
Figures were generated in Biorender, and all graphs and statistical
analysis were generated using GraphPad Prism (v. 10.0.3). Data is pre-
sented as mean ± standard deviation. For comparison between groups, a
one-way ANOVA test was used. The testing level α = 0.05 was used for
all statistics.

Data availability
The processed data that support the findings of this study are available
within the article and its supplementary material. Due to privacy laws, the
access and public availability of the raw image data files are restricted. The
raw data can only be made available following approval from the data
protection agencies in Denmark and the ethics committees. Request for
access should be directed to the corresponding author.

Abbreviations
CEA Carcinoembryonic antigen
CK Cytokeratin
CS Chondroitin sulfate
CTC Circulating tumor cell
DOC Diagnostic outpatient clinic
EMT Epithelial-to-mesenchymal transition
EpCAM Epithelial cellular adhesion molecule
HS Heparan sulfate
NSCLC Non-small cell lung cancer
ofCS Oncofetal chondroitin sulfate
PBMC Peripheral blood mononuclear cells
rVAR2 Recombinant VAR2CSA
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