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Background: Osteosarcoma (OS) is the most common primary bone tumor and the third leading cause of
pediatric cancer deaths. Liquid biopsies are an alternative to current diagnostic imaging modalities that
can be used to monitor treatment efficacy and the development of metastases. This study addresses the
use of novel biomarkers to detect circulating osteosarcoma cells.
Procedures: Flow cytometry was used to evaluate the relative expression of epithelial cell adhesion mole-
cule (EpCAM), ganglioside 2 and 3 (GD2/3), and cell surface vimentin (CSV) on a panel of OS cell lines. A
microfluidic device was used to affirm the efficacy of GD2/3 and CSV to capture CTCs. Once captured,
CTCs on the device are enumerated and the capture efficiency for each marker is measured. Patient sam-
ples were captured using the LFAM chip.
Results: We report the evaluation of GD2, GD3, and CSV as markers for OS cell capture in cell lines and in
patient samples. The results of our capture studies correlate with our flow cytometry data and have
shown a low capture efficiency of OS cells using EpCAM antibodies, while showing a moderate capture
efficiency of OS cells using the GD2, GD3, and CSV antibodies independently. The combination of
biomarkers demonstrate a high capture efficiency of approximately 80%. This is further supported by
the detection of 1–1.5 CTCs per mL of blood using GD2 + CSV in OS patient samples.
Conclusions: The combination of GD2 + CSV significantly increased the capture efficacy of OS cells. The
detection of CTCs through routine blood sampling may be used clinically for earlier detection of metas-
tases and monitoring the therapeutic effect of treatments in metastatic osteosarcomas.
� 2021 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Osteosarcoma (OS) is the most common bone malignancy that
primarily affects the pediatric population [1]. Although the integra-
tion of chemotherapy and surgery for localized OS has improved
long-term survival of patients, the 5-year survival for metastatic
OS has remained stagnant. OS is particularly lethal, as approxi-
mately 30–40% of pediatric patients diagnosed with OS will suc-
cumb to the disease [2]. Currently, there is no screening method
for OS and most tumors are discovered incidentally or when
tumors become symptomatic [3]. A key reason for the poor sur-
vival of OS is due to its high metastatic incidence. Current detec-
tion of metastasis is done with radiographic imaging or positron
emission tomography (PET), which expose patients to radiation
and can only detect tumors once they reach a 7 mm diameter size
[2,4]. Of patients diagnosed with OS, 15–20% present with lung
metastases upon diagnosis and another 40% will develop metasta-
sis at a later stage. suggesting that most patients have occult
metastases upon diagnosis [5]. Therefore, there is a clear need for
more sensitive methods to detect metastatic lesions in patients
with OS to improve overall outcomes.
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Circulating tumor cell (CTC) detection has the ability to shed
light into the ‘‘black box” of cases where metastasis is present
despite a lack of radiological evidence. CTCs are hypothetically
detectable in peripheral blood the moment metastasis begins and
therefore can aid in the early detection of metastases or monitor-
ing of therapeutic efficacy. Immunoaffinity isolation of CTCs for
the purpose of detection has been demonstrated in a number of
carcinomas [6–9]. Currently, the only FDA approved CTC device is
CellSearch�, which utilizes epithelial cell adhesion molecule
(EpCAM) as a cell surface marker for CTCs [6,10]. To date, the
majority of the studies on CTCs have focused on carcinomas. Little
is known about sarcomas, which are less common than carcino-
mas, but generally have a poorer prognosis and higher metastatic
incidence. Therefore, there is a need for the evaluation of CTCs in
sarcomas.

Due to the biological differences between epithelial-derived
carcinomas and mesenchymal-derived sarcomas, EpCAM may not
be an appropriate marker for CTC detection in OS [11]. Therefore,
novel biomarkers should be explored to determine markers that
are suitable for CTC detection in OS. We evaluated the use of gan-
glioside 2 (GD2), ganglioside 3 (GD3), and cell surface vimentin
(CSV), as potential cell surface markers for CTC detection in OS.

1.1. Gangliosides

Gangliosides are sialic acid-containing glycosphingolipids that
are primarily involved in nervous system development and
expressed in the non-differentiating nervous tissue [12]. GD2 and
GD3 are normally expressed in adult tissue of the brain, spinal
cord, peripheral nerves, melanocytes, and mesenchymal cells
[13–15]. While typically associated with neuronal cells, GD2 and
GD3 are detectable in a variety of cancer types including neurob-
lastoma [16–18], melanoma [19–22], T-cell leukemias [23–24],
lung [25–27], and breast cancers [28–31] and are used as therapeu-
tic targets in clinical trials [32–36]. The differentiation of tumor
associated glycolipids from normal tissue, in principle enables
the selective detection and therapeutic targeting of cancer cells
[18,37]. Based on multiple criteria, the National Cancer Institute
(NCI) program for prioritization of cancer antigens ranked GD2
12th and GD3 40th among a list of top cancer antigens. [38]

In OS cell lines, increased GD2 and GD3 expression is associated
with increased tumorigenicity [39]. While both GD2 and GD3 are
expressed across OS cell lines and tumor samples, there is a larger
body of evidence to support the clinical use of GD2 as a biomarker
in OS [40–41]. In addition to cell lines, GD2 and GD3 also are highly
expressed in human OS tissue [39–42]. Immunohistochemistry
(IHC) staining has demonstrated high GD2 and GD3 expression in
both primary and recurrent OS tumor samples [39–40,42]. In one
study of 41 patient tumor samples, Roth et al. found that 100% of
patient samples had positive GD2 expression via IHC [40]. In sam-
ples from patients with recurrent tumors, GD2 and GD3 were par-
tially conserved. In the same study by Roth et al., GD2 expression
was found to be increased upon recurrence, however this study
did not match primary and recurrent samples [40]. In matched
OS samples, GD2 expression was found to decrease, though it
was still expressed in most tumors, while GD3 expression was
maintained with recurrence [39]. As a potential marker, the pres-
ence of GD2 and GD3 in both primary and recurrent tumors is
appealing, since it suggests that CTCs in OS might still be detect-
able after clonal selection.

Since CTCs are released from primary tumors to form secondary
tumors, this conserved expression between the two tumor types
suggests that CTCs might express GD2 as well. Finally, GD2 and
GD3 transfection induced expression in cells, are associated with
an increase in metastatic potential due to increasing cell motility,
invasion, and decreasing cellular adhesion [41].
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1.2. Cell surface vimentin

Vimentin is an intermediate filament typically found in connec-
tive tissue, mesenchymal cells, vascular smooth muscle cells, car-
diomyocytes, neutrophils, and monocyte derived macrophages
[43–44]. While typically thought of as a cytosolic protein, evidence
suggests that it can also be expressed on surface of some cells [44–
45]. Vimentin is involved in various pathways important to metas-
tasis including cell adhesion and migration, fibroblast and lympho-
cyte migration, and arterial resistance [43]. Increased vimentin
expression has been documented in various carcinomas and sarco-
mas, including OS [44–45]. In epithelial cancers, the presence of
vimentin might be reflective of epithelial to mesenchymal transi-
tion [43–45]. While typically intracellular, Satelli et al. demon-
strated via flow cytometry that CSV is expressed on sarcoma cell
lines [45]. Furthermore, CSVs specificity for metastatic OS cells
suggests that it may be suitable for detection [45]. Currently, Satelli
et al. have developed an antibody (monoclonal antibody 84–1,
Abnova) for CSV and have demonstrated its ability to capture CTCs
in animal models and patients [45].
2. Materials and methods

Reagents: Dulbecco’s phosphate buffered saline (DPBS) with
0.49 mM magnesium chloride and 0.9 mM calcium chloride, DPBS
containing 1% bovine serum albumin (BSA), DPBS without calcium
chloride and magnesium chloride, sylgard 184 reagents, ethanol,
and Tween 20 were purchased from Thermo Fisher Scientific
(Hampton, NH).

Cell lines: Hu09 cells (CVCL-01298, human OS) [46] were
obtained from Dr. Lin Ren at the National Cancer Institute (NCI).
CAL72 (CVL-1113, human OS) [47] cells were obtained from the
Université Nice Sophia Antipolis. OS156 cells (human OS) were
obtained from Dr. Parker Gibbs (Department of Orthopedics and
Sports Medicine, UF). MG63 (CRL-1427, human OS), BxPC3 (CRL-
1687, human pancreatic adenocarcinoma), and CCRF-CEM (CCL-
119, human acute lymphoblastic leukemia cells) cell lines were
purchased from American Type Culture Collection (ATCC, Manas-
sas, VA). All cell lines were STR analyzed and authenticated. Cells
were cultured in the appropriate medium (RPMI 1640, F12/Ham’s,
or Dulbecco’s Modified Eagle Medium (DMEM)) (ATCC) supple-
mented with 5 or 10% fetal bovine serum (FBS; GIBCO of Thermo
Fisher). All cells were maintained at 37 �C in a humidified atmo-
sphere of 5% CO2 in air. All cell line experiments were done within
10 generations.

Antibodies: Human BD Fc Block (BD Pharmigen Product No.
564220), FITC mouse anti-CD326 (EpCAM) (BioLegend, clone:
9C4, Product No.: 324204), Biotin Anti-CD326 (EpCAM) (eBio-
sciences, clone: 1B7 catalog # 13–9326-82), FITC mouse anti-
human disialoganglioside GD2 (BD Pharmingen Product No.
563,439 clone: 14.2 Ga), Mouse anti-human disialoganglioside
GD2 (BD Pharmigen Product No.: 554,272 clone: 14.G2a), Mouse
anti- human disialoganglioside GD3 (BD Pharmigen Product No.
554274, clone MB3.6), and CSV (Abnova, Product number:
H00007431-M08 clone: 84–1). Goat anti-Mouse IgG (H + L) highly
cross-absorbed secondary antibody, Alexa Fluor 594 (Invitrogen,
Product No. A-11032).

Flow cytometry: Cultured cells were dissociated using an
enzyme free dissociation buffer (Gibco, cat no.: 13151014). Cell
lines for flow cytometry were prepared as a solution of 10 [6] in
100 mL in PBS buffer. Cells were incubated with FITC (EpCAM and
GD2) or AF594 (GD3 and CSV) antibody for 30 min at 4 �C. Cells
were washed three times in 200 mL of flow buffer. All washes were
performed at 400 g for 5 min. Samples were analyzed using a BD
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Fortessa flow cytometer to evaluate the cell surface expression of
EpCAM. Up to 10,000 events were recorded for each sample.

Microfluidic Device Cell capture: Microfluidic Device Cell
capture: Antibodies were biotinylated using the EZ-link sulfo-
NHS-LC-Biotin kit (Catalog No. PI21935). Cells used for cell line
and blood spiking experiments were pre-stained by incubating
cells with Vybrant DiD for 20 min. After staining, cells were
washed by centrifuging at 200g for 5 min, the supernatant was dis-
carded, and cells were resuspended in 1 mL of DPBS. Washing was
repeated three times, and cells were resuspended in 1% BSA. Cells
were then serially diluted to the necessary concentration for cell
line or spiked blood experiments. A previously described [8,48]
geometrically enhanced microfluidic (GEM) device containing
herringbone-based micromixers was functionalized with anti-
EpCAM, GD2, GD3, CSV, GD2/GD3 or GD2/CSV antibody on the
same day prior to cell capture experiments using a protocol
described as follows. The GEM chip was selected for cell lines cap-
ture as it primarily captures cells by immunoaffinity and is there-
fore best suited to demonstrate the effect different antibodies have
on OS cell isolation. Previous work with the GEM chip establishes
its capture efficiency at > 90% and a purity of > 80% when capturing
antibody positive cells from blood samples [8]. 150 mL of 1 mg/mL
avidin (Thermo Fisher Scientific) was incubated in the device
for � 15 min to allow physical absorption of avidin onto the chan-
nel surfaces. The device was then washed with 300 mL of DPBS.
Afterward, 100 mL of 20 mg/mL of biotinylated antibody or antibody
combination was introduced into the device and incubated
for� 15 min. Finally, devices were washed and allowed to incubate
with 300 mL of 1% BSA for one hour to reduce nonspecific binding.
All tubes used for serial dilution were incubated for one hour with
1.2 mL of 1% BSA.

Cell solutions were passed through the previously functional-
ized device at 1 mL/s, followed by a DPBS wash at 2 mL/s by using
a syringe pump. A tiny magnetic bar was placed inside a 1-mL syr-
inge over a stir plate to keep the cells in suspension as the cell solu-
tion or blood samples were pumped through the device. To
determine the number of cells captured in the microfluidic device
an Olympus IX71 microscope (Olympus America, Melville, NY) was
used for imaging and the cells were counted manually by a trained
observer.

Spiked Blood Capture: Both antibody combinations
(GD2 + GD3 and GD2 + CSV) were tested in blood spiking experi-
ments. Either 10, 100, or 1000 OS cells were diluted in 1 mL of
1% BSA by serial dilution before being added to 1 mL of whole
blood. 1% BSA was used for serial dilution to reduce any potential
cell loss between dilution steps. The cells captured using the GEM
device were counted and their numbers were compared with the
number of cells introduced (Fig. 4). To establish a false positive rate
for spiked blood experiments, 5 mL of Vybrant DiD was added to
1 mL of DPBS containing no cells which was centrifuged and
‘‘washed” identically to cells and ‘‘resuspended” in 1% BSA. After
adding 1 mL of cell free 1% BSA to 1 mL of blood, the sample was
passaged and counted at the same exposure as cell spiked samples.
The experiment was repeated three times, no CTCs were detected
in the non-spiked blood samples.

Patient Sample Collection: This study was approved by the
University of Florida Internal Review Board. All study participants
provided written informed consent. Samples were provided from
two patients to demonstrate proof of concept. Patient-001 was
diagnosed with right distal femur osteosarcoma treated with high
dose methotrexate and underwent a rotationplasty, sample was
collected status post chemotherapy and surgery. Patient-005 was
diagnoses with right femoral osteosarcoma treated with doxoru-
bicin, cisplatin and underwent a radial resection of the right femur.
At the time of sample collection, neither patient had evidence of
metastasis on chest X-ray. Blood samples (10 mL) were collected
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in BD Vacutainer tubes with sodium heparin. Blood was diluted
with an equal volume of DPBS creating a 2X dilution of whole
blood. 4 mL of diluted blood was passed through a lateral filter
array microfluidic (LFAM) device at 1 mL/sec followed by a washing
step with DPBS at 2 mL/sec. The LFAM device uses a combination of
size and immunoaffinity based isolation to capture CTCs [49]. CTCs
captured then were fixed with 4% paraformaldehyde and perme-
abilized with 0.2% Triton-X. To distinguish captured CTCs from
WBCs, a triple immunohistochemistry cocktail of 40,6-diamidino-
2-phenylindole (DAPI), anti-cytokeratin-FITC (anti-CK-FITC), anti-
CD45-PE was incubated in devices with captured cells for
45 min. CTCs were defined as cells that were DAPI+, CK +, and
CD45-.

In addition to OS patients, 3 healthy volunteer samples were
used to control for false positives. 2 mL of healthy patient blood
was diluted 2X with DPBS, passed through devices internally
coated with GD2 + CSV, and stained identically to OS patient sam-
ples. Afterwards, LFAM devices were counted for false positive
CTCs.

Statistical analysis: EpCAM, GD2, GD3, CSV, and antibody com-
binations were compared using a one-way analysis of variance
(ANOVA) with Bonferroni correction for Hu09 and MG63 individu-
ally. For either cell line, a p-value < 0.025 demonstrated a signifi-
cant difference in cell capture efficiency and post-hoc Tukey tests
were done to determine which cell surface markers resulted in sig-
nificantly different capture efficiency.
3. Results

EpCAM Marker Expression and Cell Capture in OS cell lines:
EpCAM cell surface expression was evaluated using flow cytome-
try. All OS cell lines had few EpCAM expressing cells (HU09,
0.45%; OS156, 0.33%; CAL72, 0.5%; MG63, 0.26%) (Fig. 1; Table 1).
Previous studies showed that OS cell lines express a little to no
EpCAM on their surface; a result consistent with our findings
[11]. The low number of EpCAM expressing cells seen by flow
cytometry translated to an ineffective cell capture / cell detection
using the GEM device (Fig. 2).

GD2, GD3, and CSV Marker Expression in OS cell lines: While
previous studies have shown that GD2 and GD3 are expressed in
the majority of OS tumors [39–40,42], there is little information
on the number of cells expressing these markers within tumors
or on CTCs. GD3, GD2, and CSV are expressed on variable numbers
of cells on our OS cell lines (Fig. 1,Table 1). Using flow cytometry,
we evaluated the cell surface expression of GD2, GD3, and CSV
on the previously mentioned cell lines. GD2, GD3, and CSV are
expressed on the surface of more cells in our panel of cell lines
(GD2: HU09,80.75%; OS156,60.2%; CAL72,12%; MG63,74.9%; GD3:
HU09,0.92%; OS156,26.3%; 7CAL72,5.8%; MG63,43.7%; CSV:
HU09,20%; OS156,94%; CAL72,38%; MG63,77%) than EpCAM. GD3
had the lowest percent of expressing cells of the three markers,
with a maximum expression of 44% for MG63. GD2 showed a mod-
erate to high number of expressing cells across most cell lines, with
the exception of CAL72 (12%). Similarly, CSV showed a high vari-
ance in expressing cells, being present on a few Hu09 (20%) and
CAL72 (38%) cells, but having the highest presence on MG63 (77%).
3.1. Cell capture of Hu09 and MG63

Hu09 and MG63 were used for capture in cell line studies.
MG63 was selected as a model cell line because as it demonstrated
the highest per-cell expression of GD2, GD3, and CSV. Hu09 was
selected as a heterogenous case as few cells expressed GD3, some
cells expressed CSV, and most cells expressed GD2. Ability to cap-
ture cells from both cell lines were assessed with individual



Fig. 1. EpCAM, GD2, GD3, and CSV expression in the OS panel (CAL72, MG63, HU09, OS156) detected via flow cytometry using a FITC (EpCAM and GD2) and AF594 (GD3 and
CSV) labeled antibody. The BxPC3 cell line was used as a positive antibody control.

Table 1
Average surface marker expression of EpCAM, GD2, GD3, and CSV for OS cell lines OS156, CAL72, Hu09, and MG63. All cell lines show a low EpCAM expression (<1%) while
showing various degrees of GD2, GD3, and CSV expression. Average expressions are from �3 independent experiments.

OS cell line EPCAM GD2 GD3 CSV

BxPC-3 97.4±2.36%
OS156 0.33±0.4% 60.2±29.7% 26.3±8.9% 94.1±5.3%
CAL72 0.50±0.4% 12.0±7.3% 5.8±1.7% 37.9±13.8%
HU09 0.45±0.5% 80.8±18.7% 0.92±1.0% 20.1±15.7%
MG63 0.26±0.5% 74.9±18.9% 43.7±6.0% 77.2±24.2%

Fig. 2. Cell Capture of OS cell lines using the EpCAM antibody. Cell capture
efficiency for OS cell line show a low detection rate in comparison to the pancreatic
cell line Bx-PC3 (positive control). The CCRF-CEM cell line is used as a negative
control.
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antibodies (EpCAM, GD2, GD3, or CSV) and antibody combinations
(GD2 + GD3, GD2 + CSV). Both Hu09 (p = 0.013, Fig. 3A) and MG63
(p = 0.013, Fig. 3B) showed a significantly different capture effi-
ciency depending on which marker was used (p < 0.0001,
Fig. 3B). GD3 showed the lowest capture efficiency for both cell
lines (19.02% for Hu09, 49.1% for MG63), but both values were high
relative to the number of cells expressing these cell surface mark-
ers as determined by flow cytometry. GD2 showed a higher cell
capture efficiency than EpCAM and GD3 for both Hu09 (60.2%)
and MG63 (60%). For MG63, CSV showed a high capture (74.2%),
which was comparable to EpCAM in positive controls and signifi-
cantly higher than MG63 capture with EpCAM (p = 0.006).

For individual antibodies, our cell capture studies partially mir-
rored our flow cytometry data (Supplemental Fig. 1). In general,
EpCAM was the least favorable marker for OS cell capture, while
GD2 and CSV were the best antibodies for cell capture using an
individual antibody. For MG63, the difference in capture efficiency



Fig. 3. Cell capture efficiency of EpCAM, GD2, GD3, and CSV using the GEM device in the Hu09 (A) and MG63 (B) cell lines. Results are the means and standard deviations of
three independent experiments (**) p < 0.05 (***) p < 0.01.

Table 2
The number of COCs identified per mL of blood in two OS patients.

Patient ID CTCs/mL of whole blood Status

UF-PEDS-001 1 No metastases
UF-PEDS-005 1.5 No metastases
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between CSV and EpCAMwas significant (p = 0.004) and the differ-
ence between EpCAM and GD2 trended towards significance
(p = 0.07). For Hu09, this failure to demonstrate significance
between individual markers was due to high standard deviation
in the capture of Hu09 cells across different cell surface markers,
however there is a noted increase in cell capture efficiency using
GD2 or CSV antibodies.

For cell surface marker combinations, GD2 combined with GD3
(GD2 + GD3) as well as GD2 combined with CSV (GD2 + CSV) were
used to evaluate which combination would provide the highest cell
capture. GD2 + CSV was selected, as every cell line except for
CAL72 showed a high number of GD2 or CSV expressing cells (Sup-
plemental Table 1). For Hu09, GD2 + CSV combined had a signifi-
cantly increased capture efficiency compared to EpCAM
(p = 0.028) and GD3 (p = 0.019).Additionally, GD2 + GD3 had a sig-
nificantly increased capture efficiency compared to GD3 (p = 0.044)
which trended toward significance when compared to EpCAM
(p = 0.07). For MG63, GD2 + GD3 (p = 0.001) and GD2 + CSV
(p = 0.003) was significantly different compared to MG63 capture
by EpCAM. Interestingly, CSV (74% ± 23.7%) alone showed compa-
rable capture to GD2 + CSV (79% ± 13.9%) for MG63 cells. The noted
heterogeneous per-cell expression for different cell lines supports
the use of multiplexing GD2 + CSV for efficient cell capture across
different OS cell lines.

Cell Capture is Maintained in Spiked Blood Samples: In order
to evaluate the function of the GEM device for OS cells, we used
spiked blood samples to demonstrate that capture can be main-
tained in whole blood samples using GD2 + GD3 and GD2 + CSV.
While GD2 or GD3 expression in WBCs has been reported in T-
cell leukemia [23–24,50], there is no reported expression of GD2
or GD3 on normal WBCs. Similarly, flow cytometry demonstrates
that CSV is not expressed on the surface of WBCs [45]. There is also
no reported expression of GD2, GD3, or CSV in red blood cells [45].

For GD2 + GD3, cell capture efficiency ranged from 54.5% at 100
cells to 85.7% at 10 cells. Despite having a lower capture efficiency
in buffer solutions, GD2 + GD3 demonstrated comparable capture
efficiency in blood samples spiked with MG63 cells as compared
to GD2 + CSV. For GD2 + CSV, the capture efficiency was 64.6% at
10 cells, but decreased with increasing cell concentration to 26%
at 1000 cells. For both GD2 + GD3 and GD2 + CSV the highest cap-
ture efficiency was observed at 10 cells. Several studies have
demonstrated that CTCs are typically present in the blood at 1–
10 cells/mL [6,8,51–52], suggesting that we retain highly accurate
capture at the most physiologically relevant concentration of
tumor cells. In healthy blood samples, no false positives were
detectable (ie: there were no CTCs detected in healthy blood
samples).
5

Circulating tumor cells in Patient Samples: To demonstrate
that these antibodies translate to patient samples, we captured
CTCs from two samples collected from patients with OS. CTCs were
detected using the LFAM device. CTCs were observed in both
patients (Table 2), demonstrating, as a proof of concept, that our
antibodies are capable of isolating CTCs from OS patient blood
samples. No CTCs were observed in healthy patient samples.
4. Discussion

Collectively, our results suggest that GD2, GD3, and CSV may be
better cell surface markers than EpCAM for immunoaffinity CTC
isolation of osteosarcoma cells. The high heterogeneity across dif-
ferent OS cell lines suggests that combinations of markers may
improve the capture efficiency of CTCs by targeting different sub-
populations of OS cells. Both GD2 (57%±31%) and CSV (57%+34%)
showed the best per-cell expression across all OS cell lines and
with the exception of CAL72, and complemented each other on
which cell lines had a high number of cell surface marker express-
ing cells, suggesting that the combination of these antibodies
would capture CTCs present in a wider range of OS patients.

Our capture of Hu09 and MG63 cells demonstrate that com-
bined antibodies (GD2 + GD3 or GD2 + CSV) had a greater capture
efficiency compared to the individual antibodies alone (Fig. 3).
Large standard deviations in the capture efficiency of our cell line
capture made it difficult to demonstrate a significant difference
for any one or more combination of antibody and cell line. Despite
this, the consistently high capture of our combined antibody com-
binations allowed us to demonstrate a significant difference in cap-
ture from EpCAM. In the case of Hu09 cells, both antibody
combinations demonstrated increase capture when compared to
GD3 alone. Without prior knowledge of which cell surface markers
are expressed on OS CTCs, multiplexing antibodies should enhance
the ability to capture OS cells expressing different antigens. While
most of the capture of Hu09 cells is likely driven by GD2, other OS
cell lines such as OS156 would have more of their capture driven
by CSV. Since in patient samples we have no prior knowledge of
marker expression on CTCs, multiplexing clearly would be advan-
tageous. Therefore, combinations of GD2 + GD3 or GD2 + CSV are



Fig. 4. Cell capture is maintained in spiked blood samples using the MG63 cell line(A). A tabular representation of the capture efficacy for each cell line at each concentration
(B). At expected CTC concentrations (10 CTCs per mL), cell capture ranges from 70 to 80% with the combination of GD2 + GD3 as well as GD2 + CSV.
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better suited for capturing various OS cells compared to individual
antibodies.

Our spiked blood experiments (Fig. 4) served to demonstrate
that we could still maintain cell capture when a large number of
contaminating cells are present. Typically, only 1–10 CTCs are pre-
sent among billions of red and white blood cells [6,8,51–52].
Therefore, it is necessary that antibodies used for cell capture
should not bind to non-CTCs. For both GD2 + GD3 and
GD2 + CSV, we showed a linear relationship between the number
of MG63 cells spiked into blood and the number of cells captured.
The retained linearity of the cell capture at different cell concentra-
tions demonstrates that (i) these antibodies are capable of captur-
ing MG63 cells in blood and (ii) there is a high specificity of these
antibodies for CTCs in comparison to other components of whole
blood such as red blood cells, white blood cells and platelets.

Finally, our two patient samples demonstrate that the combina-
tion GD2 + CSV antibodies is capable of capturing CTCs from
patient blood samples. While the low sample size of patients pro-
hibits us from drawing statistical conclusions between cancer
stage or prognosis and CTC counts, we were still able to demon-
strate that capture of OS CTCs is possible using these antibodies.

The low sample size of patients in our study, as well as the dif-
ference in capture and staining methods, make it difficult to com-
pare our patient results to those of other studies. Size based
methods, such as those utilized by Hayashi et al [53], are capable
of capturing CTCs regardless of cell surface marker expression.
Despite the theoretically improved capture of size-based methods,
Hayashi et al reports OS CTCs to be present in concentrations as
low as the concentration of CTCs we observe.

One study of note is Wu et al which demonstrated that epithe-
lial CTCs are expressed by OS patients which seemingly contradicts
our observation that EpCAM is poorly expressed on OS CTCs. Wu
et al [54] used a size-based isolation method, CanPatrolTM, to iso-
late CTCs, followed by antibody staining to determine epithelial
versus mesenchymal CTCs. Epithelial CTCs were determined using
a combination of staining antibodies including Anti-EpCAM, Anti-
CK 8, 18, and 19. We used Anti-CK 7 and 8, but not EpCAM, to stain
for CTCs since CTCs are defined as CK+. It’s possible that the epithe-
lial CTCs observed by Wu et al are CK+, which would not contradict
our observation that EpCAM is poorly expressed in OS. When
accounting for the larger blood volume utilized by Wu et al
(10 mL), our CTC/mL for our two patients fall within the range of
epithelial CTCs observed by Wu et al. This suggests some consis-
tency between our observations, while implying that including
vimentin staining post capture might increase the number of CTCs
we can detect. Despite this, while difficult to compare, both Haya-
shi et al and Wu et al suggest that our patient CTC/mL is within a
similar range. Additional OS patient samples are required to fur-
ther compare our methods efficacy to theirs.
6

While we have demonstrated GD2 and CSV as strong markers
for OS CTC isolation, we recognize that this study is not compre-
hensive and alternative OS CTC markers may exist. Two targets
of note are insulin-like growth factor receptor 2 (IGF-2R) and
human epidermal growth factor receptor 2 (HER2) [55–57]. IGF-
2R has been shown to be overexpressed across OS cell lines [55],
suggesting that it would have good coverage across multiple cell
lines. HER2 is of note as recent evidence suggests it can be used
as a target for OS treatment [56–57]. Further studies are needed
to demonstrate which antibody combinations results in the best
coverage for OS CTC capture.
5. Conclusions

Metastatic OS is a highly lethal disease partially due to the fre-
quent presence of occult metastasis leading to relapse. Currently,
there is no method to detect occult metastases or predict relapse
for OS. In some clinical cases of carcinomas there exists evidence
that CTC detection may predict relapse in patients with no radio-
logic or clinical signs of metastatic disease [58–59]. EpCAM has tra-
ditionally been used in CTC detection. However, our findings in OS
models, demonstrate that EpCAM should not be used as a universal
CTC marker. In OS, EpCAM expression is low; therefore, alternative
cell surface markers should be evaluated for both prognostic and
diagnostic studies.

This study reports the use of GD2, GD3, and CSV in comparison
to EpCAM for the detection of CTCs in OS. We demonstrated that
GD2, GD3, and CSV, either individually or collectively serve as
potential biomarkers for CTC detection in OS. Several studies have
demonstrated GD2, GD3, and CSV to be present on the surface of
both primary and metastatic OS tumors [39–40,44–45,60], how-
ever few studies have attempted to use CSV for the capture of CTCs
or utilize the combination of markers for CTC capture. In addition
to diagnostic value, GD2 therapies have been proposed to be used
clinically to selectively target tumor cells in patients [42,61]. Con-
sequently, the use of GD2 for cell capture could also identify
patients that may benefit from the addition of an anti-GD2 therapy
in addition to standard of care.

We have demonstrated that GD2 and CSV are expressed on the
majority of cells in a panel of OS cell lines and that the combination
of these markers can be successfully applied to capture OS cells
from both cell solutions and patient blood. The limitation of this
work is the small number of patient samples evaluated. However,
we did demonstrate as proof as concept that GD2/CSV can be used
to detect CTCs in patients with OS. Further optimization and cap-
ture from samples collected from patients with OS will be required
to fully validate these markers for CTCs.
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