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Combined microfluidic 
enrichment and staining workflow 
for single‑cell analysis of circulating 
tumor cells in metastatic prostate 
cancer patients
Caroline Løppke 1, Amalie M. Jørgensen 1, Nicolai T. Sand 1, Rasmus B. Klitgaard 2, 
Gedske Daugaard 3 & Mette Ø. Agerbæk 1*

Circulating tumor cells (CTCs) are precursors of cancer in the blood and provide an attractive source 
for dynamic monitoring of disease progression and tumor heterogeneity. However, the scarcity of 
CTCs in the bloodstream has limited their use in clinical practice. In this study, we present a workflow 
for easy detection of CTCs by cytokeratin staining using the FDA-cleared Parsortix device for size-
based microfluidic enrichment. To minimize sample handling, the isolated cells are stained inside 
the separation cassette and harvested for subsequent single cell isolation and whole genome copy-
number analysis. We validated the workflow on a panel of four prostate cancer cell lines spiked into 
healthy donor blood collected in CellRescue or EDTA tubes, resulting in mean recoveries of 42% 
(16–69%). Furthermore, we evaluated the clinical utility in a cohort of 12 metastatic prostate cancer 
patients and found CTCs in 67% of patients ranging from 0 to 1172 CTCs in 10 mL blood. Additionally, 
we isolated single patient-derived CTCs and identified genomic aberrations associated with treatment 
response and clinical outcome. Thus, this workflow provides a readily scalable strategy for analysis 
of single CTCs, applicable for use in monitoring studies to identify genomic variations important for 
guiding clinical therapy decision.
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PC	� Prostate cancer
PD-L1	� Programmed cell death ligand
WBC	� White blood cell
WGA​	� Whole genome amplification

During tumorigenesis, malignant cells disseminate from the primary tumor into the circulation from where 
they reach distant organs to seed metastasis1. Circulating tumor cells (CTCs) have gained significant interest as 
a potential clinical biomarker as they are easily accessible via blood sampling and facilitate dynamic monitor-
ing of disease progression and emergence of therapy resistant clones2,3. The clinical utility of CTCs has been 
established in metastatic breast, prostate, and colorectal cancer where the CTC level is a prognostic indicator 
of overall survival4–6. Furthermore, CTCs embody the tumor heterogeneity not afforded by the spatially biased 
tissue biopsies that are currently used as the clinical source for molecular profiling to guide therapy selection7–9. 
Yet, capture of CTCs is inherently challenging due to the scarcity of cancer cells in blood, which has limited its 
use in the clinical practice10.

Recently, the Food and Drug Administration (FDA) cleared the Parsortix system for microfluidic separation 
of CTCs in metastatic breast cancer patients11. The device isolates rare cells by size and deformability in a cas-
sette with a stepwise narrowing of the flow passage, thus allowing entrapment of larger cells while erythrocytes 
and leukocytes can pass through a critical gap size of 6.5 µm12. The Parsortix device, by itself, does not facilitate 
detection of CTCs and the choice of downstream assays for CTC analysis, e.g. staining, transcriptomics, and 
genomics, is based on user preference13,14.

The intracellular antigen cytokeratin (CK) and the surface epithelial cell adhesion molecule (EpCAM) are 
frequently used for CTC identification and enumeration in epithelial cancers15–18. Previous studies have com-
monly employed two strategies for CTC staining following Parsortix isolation. One strategy is based on reversing 
the flow on the Parsortix device to harvest the captured cells in buffer for immunocytochemistry staining or 
downstream analysis including RNA/DNA sequencing13,14. However, staining procedures of the harvested cells 
often include repeated sample handling that may account for substantial cell loss. To minimize the risk of los-
ing rare cells, cytocentrifugation (cytospin) of the sample onto slides has been applied downstream of Parsortix 
enrichment as well as direct harvest of the cells into a multi-well chip (such as the SIEVEWELL™ Slide), dispersing 
the cells into single wells followed by fluorescent antibody labeling19,20. However, Cohen et al.21 recently reported 
a cell loss of 37–51% when using the cytospin method, which impacts the CTC count. In addition, harvesting 
and staining of cells in a multi-well chip is efficient for single cell analysis but limits detection of CTC clusters, 
associated with higher metastatic capacities across multiple cancer types22,23.

Another strategy for CTC identification after Parsortix isolation is based on staining while the cells are still 
entrapped in the isolation cassette, and indeed, the in-cassette staining approach has been widely used for CTC 
detection. For instance, surface markers, EpCAM, in combination with HER2 and epidermal growth factor recep-
tor (EGFR) have been used to identify CTCs in metastatic breast cancer patients, and staining with antibodies 
targeting hepatocyte growth factor receptor (c-MET) or programmed cell death ligand (PD-L1) together with CK 
led to detection of CTCs trapped in the cassette in a cohort of non-small cell lung cancer (NSCLC) patients24–26. 
Nevertheless, the use of intracellular markers such as CK for staining of CTCs has often been combined with a 
fixation step of the captured cells inside the cassette, which hinders cell retrieval and subsequent genomic analysis.

Here, we describe a workflow for simple CTC enrichment and in-cassette CK staining coupled with harvest 
and isolation of single CTCs. When applied to a small cohort of metastatic prostate cancer (PC) patients, this 
approach allowed for single cell whole genome copy-number profiling of patient CTCs revealing genomic altera-
tions associated with therapy-resistance and disease progression.

Materials and methods
Patient samples
Up to 20 mL blood was collected in CellRescue™ Preservative Tubes (Menarini Silicon Biosystems) from patients 
with disseminated prostate cancer receiving treatment at Rigshospitalet (Copenhagen University Hospital, 
Copenhagen, Denmark).

The study was performed according to the Helsinki declaration and was approved by the Danish Regional 
Ethics Committee (Journal No. H-21038595).

All patients received written and oral information about the study and gave written consent before inclusion 
according to the guidelines of the Danish Ethics Committee.

Cell culture and spiking
Assoc. Prof. Mads Daugaard (University of British Columbia, Vancouver) kindly gifted all prostate cancer cell 
lines used in this study. The LNCaP cell line was maintained in RPMI 1640 medium and the DU145 and PC3 
cell lines in DMEM 1965. Both cell media was purchased from the Substrate department, Copenhagen Uni-
versity (RPMI 1640, Catalogue no. 75 and DMEM 1965, Catalogue no. 16). The C4-2 cell line was cultured in 
DMEM/F12 in a 4:1 ratio (Gibco, 11765054). All cell media were supplemented with 10% FBS (Thermo Fischer, 
10,270–106), 1% Penicillin/Streptomycin (Merck, P0781) and 1% L-glutamine (Merck, G7513). The cells were 
maintained at 37 °C, 5% CO2 and passaged when 80% confluency was reached. All experiments were performed 
with mycoplasma-free cells.

Prior to the spike-in experiments, the cells were detached with CellStripper (Corning, 15313661) and resus-
pended in cell culture media. The cell concentration was counted manually using a hemocytometer. Subsequently, 
the cells were diluted in Dulbecco’s PBS (DPBS) to reach 10.000 cells/mL or 1000 cells/mL for 10 µL spike-in of 
100 or 10 cells, respectively. The cells were spiked directly into 10 mL whole blood collected from a healthy donor, 
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and triplicates of the spike volume (10 µL) were transferred to whole microscopy slides and manually counted 
under a light microscope (Nikon Eclipse TS100, 10X objective, N.A. 0.25) to estimate the number of cells spiked 
into the blood. The average cell counts were later used as a reference for estimating the percentwise cell recovery. 
For stability experiments, 3 CellRescue blood tubes were spiked with 100 PC3 cancer cells and stored at ambient 
temperature (RT). The blood tubes were processed ~ 1 h, 24 h or 72 h after spike in.

Sample preparation before Parsortix® enrichment
The blood samples were diluted 1:1 in buffer containing DPBS + 2% FBS and transferred to 50 mL SepMate tubes 
(StemCell, 88,450) preloaded with 15 mL pre-heated Lymphoprep solution (StemCell, 7851). To recover the 
mononuclear cell (MNC) fraction, the samples were centrifuged for 10 min at 1200 × g (RT). Next, the MNCs 
were decanted into a 50 mL falcon tube and diluted to 50 mL with DPBS + 2% FBS before centrifugation at 500 × 
g, 15 min (RT). For CellRescue blood samples stored longer than 24 h, the centrifugation time was increased to 
20 min according to manufacturer’s recommendation. The sample pellet was fixed in cold 4% paraformaldehyde 
(PFA) (Alfa Aesar, J61899.AK) for 5 min. After centrifugation for 800 × g, 5 min (RT) the cell pellet was resus-
pended in 5 mL separation buffer containing DPBS + 1% BSA (Sigma-Aldrich, A3059), 1 mM EDTA (Merck, 
324506) and 1% Penicillin/Streptomycin.

Parsortix® isolation
The cell sample was loaded into the Parsortix® PR1 microfluidic device and processed immediately. CTCs or 
cancer-derived cell lines were enriched in disposable Parsortix® cassettes (GEN3D6.5, ANGLE) primed with 
separation buffer (see previous section). A low-pressure protocol (50 mbar) was used for cell separation as 
previously described27. The captured cells in the cassette were incubated with permeabilization buffer (20 min) 
containing separation buffer + 0.15% saponin (Sigma-Aldrich, 47036) followed by immunostaining (90 min) with 
antibodies against cytokeratin (FITC-conjugated, Macs Miltenyi biotech, 130-118-964, clone CK36H5, 1:100), 
CD45 (Alexa Fluor 647-conjugated, eBioscience, 51-0459-42, clone HI30, 1:100) and DAPI (Fischer Scientific, 
D1304, 1:10.000) diluted in separation buffer containing 0.05% saponin.

Cancer cell identification and cell counting
After enrichment and staining, the cells were either harvested into a 24-well sensoplate (Greiner, 662892) fol-
lowed by analysis on the CellCelector® (Sartorius) or plated on microscopy slides following scanning on the 
Cytation 5 fluorescence scanning microscope (BioTek, 20X objective N.A. 0.8). For both methods, cells stained 
with DAPI+/CK+/CD45- were identified as cancer cells. For automated CTC analysis on the CellCelector we used 
the CellCelector Software version 3.1. Prior to analysis, the harvested samples were kept overnight to let the cells 
settle in the 24 well plate. Next, the sample wells were fluorescently scanned using an automated inverted micro-
scope with a 10X objective (N.A. 0.3) at low speed to avoid movement of the cells, and with a focus in the DAPI 
channel. Subsequently, the samples were analyzed in the DAPI, FITC and APC channel with an area > 10 µm 
threshold for each channel. DAPI+/CK+/CD45− cells were filtered from the total number of detected cells and 
all potential hits were manually verified as CTCs in 40X magnification. In addition, prior to single cell isolation 
on the CellCelector®, the cells were morphologically verified in Bright field.

For estimating the total number of DAPI+ cells, only samples scanned on the Cytation 5 were used. The cell 
number was calculated automatically in the DAPI channel using the Gen5 software version 3.10 with a threshold 
value = 5000, min. object size = 5 µm and max object size = 100 µm. For samples scanned on the Cytation 5, CTC 
identification and enumeration was done manually in the Gen5 software.

Single‑cell picking and pre‑NGS preparations
The CellCelector® micromanipulator was used to pick single cells (30 µm capillary) into individual PCR tubes 
(BRND781315, VWR) containing 3 µL lysis buffer following whole genome amplification (WGA) (Ampli1™ 
WGA Kit, KI0030, Menarini Silicon Biosystems). The quality of WGA products was estimated with the Ampli1™ 
QC kit (KI0027, Menarini Silicon Biosystems). WGA products with a genomic integrity index (GII) of 3–4 were 
used for further analysis. Prior to next-generation sequencing (NGS) library preparation, the WGA products 
were reamplified using the Ampli1™ ReAmp/ds Kit (KI0056, Menarini Silicon Biosystems).

Sequencing and CNA analysis
The WGA products of single cells were used to prepare low-pass whole genome libraries using the Ampli1™ 
LowPass kit for Illumina® (Menarini Silicon Biosystems). Briefly, WGA products were cleaned using SPRIselect 
beads (B23317, Beckman Coulter), and barcoded and amplified Illumina compatible NGS libraries were prepared 
using the Ampli1™ LowPass kit for Illumina®–Set A (KI0123, Menarini Silicon Biosystems). The average library 
fragment size was estimated with an Agilent 4150 TapeStation System (G2992AA, Agilent) on a High Sensitiv-
ity D5000 ScreenTape (5067–5592, Agilent), and the library quantity was determined by qPCR using the KAPA 
Library Quantification Kit for Illumina® Platforms (07960140001, Roche). The pooled libraries were sequenced 
on an Illumina MiSeq™ System using an Ampli1™ SEQ Read 1 primer diluted in HT1 buffer and a MiSeq Reagent 
Micro Kit v2 (300-cycles) (MS-103-1002, Illumina). Over 1 million 150 bp single-end reads were obtained per 
sample and uploaded to the cloud-based MSBiosuite platform (Menarini Silicon Biosystems) for automated 
CNA analysis for products with derivative log ratio spread (DLRS) < 0.4 and R50 > 30. Detailed description of 
the bioinformatic analysis can be found in28.
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Figure 1.   In-cassette staining method for CTC detection. (A) Schematic overview of the workflow. 
Abbreviations: mononuclear cells (MNC), copy-number alterations (CNA) (B) Recovery of 100 PC3 cells spiked 
into 10 mL healthy donor blood. The samples were processed with DPBS or DPBS + 1% BSA + 1 mM EDTA 
buffer on the Parsortix. CKPos, DAPIPos and CD45Neg cells were manually counted as CTCs, and the recovery 
was calculated from the number of spiked cells vs. number of detected cells. Data is presented as mean ± sd. 
The comparison between the two groups was done using a Mann–Whitney U test (p = 0.019) (C) Test of two 
different priming and separation buffers: DPBS or DPBS + 1% BSA + 1 mM EDTA. The harvested cells were 
plated on microscopy slides and the total number of DAPIPos cells were automatically counted. The harvested 
cell fraction was calculated from the total number of cells (harvested fraction + cells left in the cassette). Data is 
presented as mean ± sd. Statistical analysis was performed using Mann–Whitney U test (p = 0.017) (D) Spike in 
of 100 prostate cancer cells (PC3, LnCAP, DU145, C4-2) as described in B (E) Recovery of 10 PC3 cells spiked 
into 10 mL healthy donor blood (F) Stability of 100 PC3 cells spiked into 10 mL of healthy blood (CellRescue). 
The blood was processed after ~ 1 h, 24 h (p = 0.062) or 72 h (p = 0.024) and stained as described in B. The 
comparison between the three groups was performed using a Mann–Whitney U test (G) Recovery of 100 PC3 
cells spiked into a K2EDTA blood tube and processed after 1 h. Data is presented as mean ± sd. (H) Staining of 
four prostate cancer cell lines (PC3, LNCaP, DU145 and C4-2) with DAPI and anti-CK. The cells were images by 
imaging flow cytometry (ImageStream).
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ImageStream
For each cell line (LNCaP, PC3, C4-2 and DU145), 1 × 105 cells were transferred to a 96-well plate, centrifuged 
at 400 × g, 5 min (4 °C) and washed in DPBS + 2% FBS. Next, the cells were fixed in cold 4% PFA for 5 min and 
washed in DPBS. The cells were permeabilized with DPBS containing 1% BSA and 0.15% Saponin for 15 min 
(4 °C), followed by centrifugation at 800 × g, 5 min and incubation for 20 min (4 °C) with anti-CK-FITC antibody 
(Macs Miltenyi biotech, clone CK36H5, 1:100) and DAPI (1:1000) diluted in DPBS with 1% BSA and 0.05% 
Saponin. The samples were washed in DPBS before processing with 40X magnification on ImageStreamX Mk II 
(Luminex). Analysis was performed with the IDEAS® software (Luminex, v6.0).

Graphs and statistical analysis
Plots were generated using GraphPad Prism (v. 10.0.3), and Biorender. Swimmerplots were made in Rstudio (v 
2022.12.0.353) with R (v 4.2.1) using packages “Tidyverse” (v 1.3.2), “RColorBrewer” (v.1.1-3) and “Swimplot” 
(v.1.2.0).

Statistical analysis was carried out using GraphPad Prism (v. 10.0.3). Data was presented as mean ± standard 
deviation. For comparison between groups, the non-parametric Mann Whitney U Test was used. The testing 
level α = 0.05 was used for all statistics.

Results
Validation of the workflow using a panel of prostate cancer cell lines
The technical workflow for CTC enrichment and downstream analysis is depicted in Fig. 1a. Previous studies 
have reported an increased CTC yield when adding BSA and EDTA to the priming buffer to avoid cell attach-
ment in the cassette29,30. To assess if the choice of buffer improved the cell recovery when fixed samples were 
used as input, we spiked 100 PC3 prostate cancer cells into 10 mL of blood from a healthy donor and performed 
Parsortix enrichment using the recommended buffer (DPBS) or DPBS containing 1% BSA and 1 mM EDTA for 
both cassette priming and cell separation. Subsequently, the harvested samples were plated on microscopy slides 
and scanned by fluorescent microscopy together with the separation cassette. Both the DAPIPos cells retained in 
the cassette, and the harvested DAPIPos cells were automatically calculated using the Gen5 software along with 
the percentage of CKPos PC3 cells to estimate the CTC recovery. The number of recovered CKPos PC3 cells were 
higher in the samples run with 1% BSA and 1 mM EDTA compared to DPBS with mean recoveries of 63.4 ± 18% 
and 36.2 ± 10% (p = 0.019), respectively (Fig. 1b). Furthermore, 96 ± 8% of the captured MNCs could be harvested 
when using the buffer with 1% BSA and 1 mM EDTA compared to 75 ± 23% with DPBS (p = 0.017), suggesting a 
more efficient release of cells from the cassette when adding BSA and EDTA (Fig. 1c). This could also be visual-
ized by imaging of the cassette after harvest, showing a clear increase in retained DAPIPos cells when using DPBS 
for priming and separation (Supplementary Fig. 1a,b). Additionally, the average number of co-enriched DAPIPos 
MNCs was significantly higher (p = 0.0043) when using DPBS (3.9 × 105 cells) compared to enrichment with a 
buffer containing BSA and EDTA (1.2 × 105 cells) (Supplementary Fig. 1c). In summary, addition of 1% BSA and 
1 mM EDTA to the buffer for both priming and separation improves the enrichment of cancer cells in our assay 
and results in lower numbers of co-isolated WBCs, which impact the sensitivity of downstream applications.

To assess the performance of the workflow for capturing and staining of prostate cancer cells in blood, 100 
cells from four different prostate cancer cell lines (PC3, LNCaP, DU145 or C4-2) were spiked into 10 mL of 
healthy donor blood. The samples were processed as shown in Fig. 1a and a cancer cell was defined from the 
following criteria: (1) an intact nucleus examined with DAPI staining, (2) positive CK staining and (3) negative 
CD45 staining. Representative images of cancer cells are shown in Supplementary Fig. 2. The PC3 cell line had 
the highest average recovery of 68.5 ± 14%, whereas spike in of C4-2, LNCaP, and DU145 cells in blood resulted 
in mean recoveries of 46 ± 15%, 37 ± 4%, and 16 ± 5%, respectively (Fig. 1d). To investigate the assay sensitivity, 
we spiked 10 PC3 cells into 10 mL of healthy donor blood. The average recovery was 60.5 ± 36% (Fig. 1e, Sup-
plementary Table 1) demonstrating a robust sensitivity of the assay at low cell concentrations when compared 
to spiking of 100 PC3 cells (p = 0.69).

For clinical application, stabilization of blood for long term storage is essential. To assess the stability of the 
CellRescue tubes for CTC analysis, we spiked 100 PC3 cells in three CellRescue tubes and processed the samples 
within 1 h, 24 h or 72 h. Overall, the recoveries were 70 ± 13% (1 h), 46 ± 9% (24 h), and 41 ± 17% (72 h) with a 
significant drop in recovery observed after 24 h (p = 0.015) and 72 h (p = 0.032) suggesting that long-term storage 
of blood in CellRescue tubes affects the cancer cell stability and is not compatible with Parsortix processing in 
our assay (Fig. 1f). There was no difference in recovery between 24 and 72 h (p = 0.6).

Multiple studies use blood collected in EDTA tubes as input for Parsortix enrichment. To examine if this 
workflow was compatible with blood collected in K2EDTA tubes, the recovery rate of 100 PC3 cells spiked into 
whole blood from a healthy donor was examined at the 1 h time point. Overall, 48.5 ± 23% of the PC3 cells were 
recovered, which is comparable to the observed recovery rate of the same cell line spiked into blood collected in 
CellRescue tubes (p = 0.2) after 1 h (Fig. 1g).

To test whether the cell size or CK status reflected the recovery rates, we measured the area and diameter after 
CK staining of the four prostate cancer cell lines in suspension by imaging flow cytometry. The specialized flow 
cytometer combines light microscopy with flow cytometry by acquiring fluorescent images of all cells passing 
through the flow cell (Supplementary Table 2, Supplementary Fig. 3a). All cell lines stained positive for CK, as 
shown in Fig. 1h. Overall, the cell size did not correlate with the recovery, as no difference in recovery percentage 
was observed between the largest (C4-2 and PC3) and the smallest cell lines (LNCaP). For the DU145 cell line, 
however, the low recovery could be explained by the degree of CK labeling, as only a subpopulation (~ 50%) of 
the DU145 cells were stained with the antibody used for CK detection (Supplementary Fig. 3b).
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Clinical validation in metastatic prostate cancer patients
To evaluate the clinical utility of the method, we analyzed blood samples from 12 metastatic PC patients (Table 1). 
The treatment burden varied greatly among the patients at the time of CTC analysis, and some patients had 
received multiple lines of treatment prior to inclusion in this study (Supplementary Fig. 4). Overall, we detected 
CKPos CTCs in 67% of the patients (Fig. 2a) with a median of 1.75 CTCs/10 mL blood (range 0–1172 CTCs) 
(Table 2). Furthermore, 17% of the patients had both single CTCs and CTC clusters (≥ 3 CTCs) as depicted in 
Fig. 2b and Table 2. To confirm malignancy, we isolated single CK positive cells (n = 4) from one patient using the 
CellCelector micromanipulator system and performed whole genome amplification (WGA) using the Ampli1™ 
WGA kit. As a germline control, corresponding WBCs (n = 3) from the same patient were picked. The WGA 
products were analyzed with the Ampli1™ QC kit to estimate the DNA quality and eligibility for downstream 
PCR-based next generation sequencing (NGS) and copy-number alteration (CNA) analysis (Supplementary 
Table 3). The WGA products showed a genomic integrity index (GII) of 3–4 and were therefore suitable for 
CNA analysis (Supplementary Fig. 5a). Figure 2c shows the copy-number profiles inferred from two of the 
four isolated CTCs along with one patient-matched single WBC. Notably, all the CTCs had main polyploidies 
compared to the expected diploidy observed in the WBCs (Fig. 2c and Supplementary Fig. 5c). Furthermore, 
we observed chromosomal amplifications and deletions in the CTC genomes not present in any of the WBC 
copy-number profiles. For instance, loss of tumor suppressor genes NKX3-1 and BRCA-2 was present in three 
out of four CTCs, and amplification of the androgen receptor (AR) gene was observed in all patient-derived 
CTCs (Supplementary Fig. 5b).

Together, the data confirms the malignant origin of the isolated patient CTCs stained with CK, displaying 
genome-wide chromosomal deletions/amplifications and aneuploidy commonly observed in cancer tissue and 
tumor cells28.

Discussion
Essentially, three main strategies have been used to isolate CTCs from liquid biopsies. These include enrichment 
of CTCs by depletion of non-cancerous cells (negative selection)31, capture of CTCs based on their expression 
of cancer-specific antigens (positive selection)32,33 and selection of CTCs based on their physical properties34,35.

In this study we used the Parsortix® microfluidic system, an epitope-independent technology, to isolate CTCs 
from patient blood samples based on their cell size and deformability. Staining procedures downstream of Par-
sortix enrichment often result in increased sample handling which may lead to substantial cell loss, affecting 
rare cell detection. Therefore, optimization of in-cassette staining is of high importance for detection of CTCs 
with the Parsortix system. For epithelial cancers, CK is predominantly used for CTC identification, as it is not 
expressed by healthy WBCs. Although enumeration of CKPos cancer cells has a proven prognostic value in mul-
tiple cancers including prostate cancer, genomic characterization of single CTCs may also be of great clinical 
importance for monitoring of disease progression and identification of targetable alterations. So far, in-cassette 
staining approaches of unfixed blood have not been compatible with harvest and subsequent genomic analysis 
of CKPos CTCs, as the cells are fixed to the inside of the Parsortix cassette. Alternatively, a study by Lampignano 
et al.36 used the discarded blood fraction after CELLSEARCH® enrichment as input on the Parsortix to harvest 
EpCAMlow/neg CTCs stained with CK from breast cancer patients. In addition, Krol et al.27 used blood samples 
collected in Transfix tubes prior to in-cassette staining to identify and harvest CTC clusters from glioblastoma 
patients. However, enrichment of high volumes of fixed whole blood can be challenging. This is mainly because of 
the high number of blood cells combined with a reduced cell plasticity after fixation, making the cells less capable 
of squeezing through the cassette gap and thereby increasing the risk of clogging. To overcome this limitation, 
we used MNC isolation by density gradient centrifugation prior to fixation, which reduces the total cell count 
by removal of erythrocytes and multinucleated cells. Importantly, we show that our workflow is compatible with 

Table 1.   Patient characteristics. Hormone therapy includes: Androgen deprivation therapy, Enzalutamid, 
Darolutamid, Abiteron and Bicalutamide. Chemotherapy includes: Docetaxel and Cabazitaxel. mHSPC 
metastatic hormone sensitive prostate cancer, mCRPC metastatic castration resistant prostate cancer.

Total number of patients 12

Median age, years (range) 71 (57–82)

Metastatic sites

Bone metastasis, n 12 (100%)

Lymph nodes, n 4 (33%)

Lung metastasis, n 1 (8%)

Patients with mHSPC, n 1 (8%)

Patients with mCRPC, n 11 (92%)

Treatment prior to blood collection

Hormone therapy, n 10 (83%)

Chemotherapy, n 10 (83%)

Radiation, n 2 (17%)

Prostatectomy, n 4 (33%)
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Figure 2.   Patient CTC detection and validation through whole-genomic CNA analysis. (A) Number of CTCs 
detected in 12 metastatic prostate cancer patients (mPCP) (B) Examples of single CTCs and a CTC cluster 
distinguished from nearby WBCs by CK+ (green), CD45- (red) and DAPI (blue). BF (Brightfield). Scale bar 
is 20 µm (C) LowPass CNA profiles of two single CTCs and a WBC from a patient. Black points along a dashed 
line depict the main ploidy. Allele amplification (CN ≥ 5) as well as loss (CN ≤ 3) are depicted as red and blue 
points, respectively. Y-axis maximum is set to 4 times main ploidy. Y-chromosome is excluded.

Table 2.   CTC findings per 10 mL of blood in the cohort of metastatic prostate cancer patients.

Patient ID CTC count per 10 mL blood CTC clusters ≥ 3 CTCs

#1 12 1

#2 0 0

#3 41 0

#4 0 0

#5 0 0

#6 1 0

#7 3 0

#8 4 0

#9 3 0

#10 0 0

#11 1 0

#12 1172 5

CTC positivity 8/12 (67%) 2/12 (17%)

Mean count 103 0.5

Median count 1.75 0
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CK detection of CTCs and cancer-derived cell lines from blood collected in both CellRescue and EDTA tubes 
and provides an alternative to subsequent staining strategies such as cytospin.

We evaluated the performance of the workflow using a panel of prostate cancer cell lines (PC3, C4-2, LNCaP 
and DU145) spiked into whole blood and recorded an average detection rate of CK positive cancer cells ranging 
from 16 to 69%. Among the technical replicates, the recovery rates for each cell line varied, which is likely due to 
pipetting inconsistencies during the spiking process. For instance, when applying triplicates of the 100 cell spik-
ing volume onto a glass slide, we noted a significant variability in the number of cancer cells per sample (mean 
variation of 10%). For the PC3 cells, the mean recovery of 69% is in concordance with capture rates reported by 
Hvichia et al.35 and slightly higher than previously defined by Xu et al.30, both using pre-labelled PC3 cells for 
spike in and cassettes with a 10 µm gap. For the DU145 cell line, only a subpopulation of the cells were CK posi-
tive, which distorts the detection of these cells in our assay. Hence, only 16% of the DU145 cells were recovered, 
despite a previous study by Xu et al.30 reporting recovery rates of 55%. This discrepancy in DU145 cell recovery 
can be explained by differences in detection strategies. In Xu et al., the authors used DU145 cells pre-labelled 
with CellTracker dye instead of cytokeratin staining to identify the cancer cells, thereby allowing identification 
of both CKneg and CKPos DU145 cell subsets resulting in a higher cell recovery30.

Although CK is commonly used for detection of CTCs in PC patients, expression of CK can be lost in cells 
undergoing epithelial-to-mesenchymal transition (EMT). In this study we only used CK for CTC identifica-
tion, which prevents detection of malignant cells with mesenchymal phenotypes. Thus, potentially resulting 
in an underestimation of the CTC count. To overcome this limitation, and improve detection rates to include 
mesenchymal or stem-like CTC subtypes, co-staining with antibodies against additional markers known to be 
expressed on prostate CTCs such as vimentin, N-cadherin, AR-V7, CD133 or oncofetal chondroitin sulfate could 
in the future be added to the staining mix33,37,38.

In large clinical trials testing the utility of CTCs, the sample collection needs to be compatible with long term 
storage to e.g. allow transport of samples from multiple sites. In our study, we evaluated the cancer cell stability 
of PC3 cells spiked into CellRescue tubes after storage for up to 72 h. We observed a significant drop in recovery 
after 24 h, suggesting that the cell stability in the CellRescue tubes is not compatible with long time blood storage 
prior to sample processing in this pipeline. Alternatively, other blood tubes with preservatives could be tested in 
the same setup for long-term storage such as BCT Streck or CellSave collection tubes.

Parsortix-driven enrichment favors isolation of larger CTCs. Hvichia et al.35 previously demonstrated a cor-
relation between the cell size of cancer cell lines and the capture efficiency, where 70% of the PANC-1 cell line 
(mean diameter of 24 µm) were captured compared to 42% the smaller T24 cell line (mean diameter of 18 µm). 
However, in our study we did not observe an association between the cell size of the four prostate cell lines and 
their capture rate. This could be explained by the small difference in diameter between the smallest cell line 
(LNCaP, 22.5 µm) and the largest (C4-2 and PC3, 26 µm).

In general, size-based enrichment of CTCs is based on the assumption that cancer cells are larger than leu-
kocytes. Recently, a study by Mendelaar et al.39 showed that patient-derived CTCs from multiple cancers were 
significantly smaller than cultured tumor cell lines commonly used for method optimization and evaluation of 
CTC assays. This size difference was especially pronounced in PC, where patient CTCs had a median diameter 
of 10.3 µm compared to 20.7 µm for cultured LNCaP cells. This result is in accordance with our observations, 
demonstrating a significant difference in diameter between patient-derived CTCs from three PC patients (median 
of 11 µm, IQR 10.2–12.1) and cultured PC3 cells (median of 22.4 µm, IQR 19.6–24.3) spiked into blood (Supple-
mentary Fig. 6). Hence, spike experiments using cancer cell lines might not be representative of patient CTCs and 
could introduce a detection bias, emphasizing the need for evaluating the assay performance on clinical samples.

To support this, we tested our workflow on a heterogeneous cohort of 12 metastatic PC patients to assess the 
clinical feasibility and show proof-of-concept of the method. Of these, one patient was diagnosed with metastatic 
hormone-sensitive prostate cancer (mHSPC), and eleven patients had metastatic castration-resistant prostate 
cancer (mCRPC). Blood samples for CTC analysis were taken prior to the initiation of a new therapy regimen. 
However, most patients (11/12) had received various lines of therapy before enrollment (Supplementary Fig. 4). 
Although the patients all had progressive disease at time of blood sampling, prior therapy could have caused 
higher inter- and intra-patient differences in the CTC appearance in regards to protein expression as well as cell 
size and integrity23,37,40,41. For instance, a study by Brown et al.42 reported an association between the presence of 
CTCs with small neuroendocrine phenotypes and acquired resistance to abiterone/enzalutamide treatment in 
mCRPC patients. Moreover, conversion of CTC numbers in response to treatment have previously been observed, 
suggesting that enumeration and genetic analysis of CTCs in follow-up samples from the mCRPC patients in 
this study could potentially be used for predicting or monitoring therapy response43,44.

A total of ~ 67% of the patients (n = 8) had detectable CTCs, with a median detection of 1.75 CTC/10 mL 
whole blood. The observed CTC prevalence was in accordance with a recent study by Davies et al.9 reporting 
CTCs in 67% of 18 mCRPC patients with a median of 1.5 CTC/7.5 mL blood. However, other studies have 
reported slightly higher CTC positivity rates of 89% and 80% of mCRPC patients19,20. This observed difference 
in CTC positivity could be explained by variations in the detection strategy including addition of a prostate-
specific membrane antigen (PSMA) targeting antibody in the staining mix allowing detection of CTCs with 
CKNeg/PSMAPos phenotypes19, or by combining multiple pan-CK antibody clones to broaden detection to include 
additional CK subtypes (e.g. type 1–8, 10, 13–16, 18 and 19)20, compared to the pan-CK clone used in this study 
that only targets CK subtype 8, 9, 18 and 19.

CTCs are thought to disseminate from both primary and metastatic lesions. Therefore, molecular interroga-
tion of single CTCs is a useful surrogate to monitor treatment response and illuminate mechanisms of disease 
progression. PC has a high degree of heterogeneity with frequent genomic structural variants, several of which 
are associated with clinical outcome45. To test the clinical utility of our workflow, we isolated four CTCs from 
a patient with mCRPC. Genomic profiling of the single cells revealed CNAs linked to progressive prostate 
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cancer46. For instance, three out of four CTCs had detectable CNAs in the BRCA-2 gene, previously associated 
with response to poly(adenosine diphosphate-ribose) polymerase (PARP) inhibitors in patients with mCRPC47. 
Furthermore, all of the isolated CTCs had amplifications in the AR gene, commonly observed in patients with 
resistance to androgen deprivation therapy48,49. All CTCs from the prostate cancer patient were detected as 
polyploid, suggesting a high degree of genome instability. This finding is similar to previous observations, where 
cells with supernumerary centrosomes have been linked with disease progression in PC 50. However, it is yet to be 
determined if the genotypic heterogeneity of CTCs can be used as a predictor of treatment response in the clinic.

In summary, we present a workflow that allows easy detection of CTCs using the Parsortix device. By com-
bining Parsortix enrichment with single cell analysis, we were able to isolate single CKPos CTCs from a prostate 
cancer patient and perform whole genomic CNA profiling. In the future, this strategy may be useful for monitor-
ing of treatment response to identify genomic variations important for clinical therapy decision.
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