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however, research suggests that it plays a role in PI3K-Akt  
signaling through glutamate signaling (2). Conventional imag-
ing techniques, including magnetic resonance imaging (MRI), 
computerized tomography (CT), and bone scans, have poor 
sensitivity and specificity for detecting tumor lesions, espe-
cially when prostate-specific antigen (PSA) levels are low. 
Therefore, PSMA can be used as a target for imaging with 
radioligands like 68Ga-PSMA-11 and 18F-DCFPyL, which the 
Food and Drug Administration (FDA) recently approved for 
PSMA-targeted positron emission tomography (PET) imaging 
in prostate cancer (3). PSMA is also an established therapeu-
tic target for advanced prostate cancer based on the prospec-
tive, phase III VISION trial (NCT03511664) of 177Lu-PSMA-617 
radioligand therapy (RLT) that demonstrated improved over-
all survival (OS) and progression-free survival (PFS) com-
pared to standard of care (SoC) in PSMA-positive advanced 
metastatic castration-resistant prostate cancer (mCRPC) (4). 
However, a variety of biological factors, including the stage of 
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ABSTRACT
Background: For patients with mCRPC, PSMA-targeted radioligand treatment has significantly improved the clinical  
outcome. A blood-based liquid biopsy assay for recognizing PSMA protein expression on circulating tumor cells 
may be beneficial for better informing therapeutic decision-making and identifying the patients most likely to 
benefit from PSMA-targeted radioligand therapy. 
Methods: Using high-throughput imaging and digital AI pathology algorithms, a four-color immunofluores-
cence assay has been developed to find PSMA protein expression on CTCs on a glass slide. Cell line cells (LNCaP/
PC3s/22Rv1) spiked into healthy donor blood were used to study the precision, specificity, sensitivity, limit of 
detection, and overall accuracy of the assay. Clinical validation and low-pass whole-genome sequencing were 
performed in PSMA-PET-positive patients with high-risk mCRPC (N = 24) utilizing 3 mL of blood. 
Results: The PSMA CTC IF assay achieved analytical specificity, sensitivity, and overall accuracy above 99% with 
high precision. In the clinical validation, 76% (16/21) of the cases were PSMA positive with CTC heterogeneity, 
and 88% (21/24) of the patients contained at least one conventional CTC per milliliter of blood. Thirty-six low-
pass-sequenced CTCs from 11 individuals with mCRPC frequently exhibited copy number increases in AR and MYC 
and losses in RB1, PTEN, TP53, and BRCA2 locus. 
Conclusions: The analytical validation utilizing Epic Sciences’ liquid biopsy CTC platform demonstrated the potential 
to detect PSMA protein expression in CTCs from patients with mCRPC. This assay is positioned as an effective research 
tool to evaluate PSMA expression, heterogeneity, and therapeutic response in many ongoing clinical studies to target 
tumors that express PSMA.
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Introduction

A type II transmembrane glycoprotein receptor called 
prostate-specific membrane antigen (PSMA) is increased in 
metastatic prostate malignancies and may increase tumor 
dedifferentiation and treatment resistance (1). The biological 
basis for PSMA expression in prostate cancer is still unknown; 
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the illness (sensitive vs. therapy resistant), the type of treat-
ment, the timing, and geography, may have an impact on 
PSMA expression in prostate cancer (5). 

Analysis of circulating tumor cells is one of the liquid 
biopsy approaches. Cancer cells known as circulating tumor 
cells (CTCs) escape from tumors and travel to other organs 
such as the bones, liver, and lungs via the blood circulation or 
lymphatic system (6). CTCs are trustworthy, constant, inde-
pendent predictors and prognostic biomarkers of disease 
response, PFA, and OS because they directly correlate with 
systemic tumor burden (7,8). Therefore, it would be advanta-
geous to have a meaningful CTC-based diagnostic and pre-
dictive biomarker test that can assist clinical decision-making 
regarding the management of men with prostate cancer. 
Furthermore, CTC detection holds enormous potential in 
numerous clinical applications including cancer screening, 
monitoring treatment response, diagnosis and prognosis 
evaluation, target identification, and understanding cancer 
metastasis and emergence of drug resistance (6,9). 

Monitoring the level of PSMA protein expression on 
CTCs as part of a liquid biopsy offers a noninvasive approach 
that could be used in conjunction with or in lieu of standard 
PSMA-PET imaging, which itself presents challenges due to 
variable access and high cost. Clinically, PSMA CTC profiling 
is being investigated as a potential prognostic and pharmaco-
dynamic biomarker in patients with mCRPC. 

Clinical results in men with mCRPC have been mark-
edly improved by PSMA-targeted radioligand treatment 
(10,11). Detecting PSMA protein expression on CTCs using 
a liquid biopsy approach may help to improve therapeu-
tic choices and pinpoint the individuals most likely to ben-
efit from PSMA-targeted RLT in prostate cancer (7-13). In 
this article, we describe the development and validation of 
a PSMA CTC assay, as well as the application of single-cell 
CTC sequencing technology to evaluate deoxyribonucleic 
acid (DNA) copy number changes and CTC heterogeneity in 
late-stage high-risk men with mCRPC. 

Materials and methods

Cell line and culture

To produce lab-derived (LD) slides, multiple distinct 
cell line cells (CLCs; LNCaP, PC3, 22Rv1, MDA-MB-231, 
MDA-MB-453, and DU145) with various PSMA expression 
levels were spiked into healthy blood. Using sterile proce-
dures and RPMI cell line culture media, all CLCs were grown 
at Epic Sciences. CLCs were then trypsinized, suspended at 
single-cell levels, numbered, and spiked into healthy donor 
(HD) blood samples obtained in a Streck BCT container at the 
proper CLC concentrations in order to give the CLC for assay 
development and later assay validation (18). 

Epic immunofluorescence PSMA assay

The PSMA tyramide signal amplification (TSA) CTC assay 
was developed utilizing three different prostate cancer cell 
lines, including LNCaP (high PSMA expression), 22Rv1 (low 
PSMA expression), and PC3 (no PSMA expression). These CLCs 
were spiked into healthy blood samples (1:10,000 CLC/white 

blood cell [WBC] dilutions) to create LD CLC slides for the PSMA 
assay development and clinical validation. Subsequently, on a 
proprietary glass slide, three million intact nucleated blood 
cells were deposited and frozen at −80°C. In order to identify 
intact nucleated, biomarker-positive, and negative CTC cells, 
these frozen slides were defrosted and utilized for immuno-
fluorescent staining with a range of antibodies against cyto-
keratins, CD45, PSMA, and DAPI. Then, CTCs were detected 
on immunostained glass slides from patient blood samples 
using a high-throughput Pyxis imaging system with digital 
pathology artificial intelligence algorithms. In this four-color 
PSMA CTC assay, PSMA expression was measured on indi-
vidual CLC, and CTCs recognized as traditional CTCs (CK+, 
CD45−, and intact DAPI nuclei) with typical CTC morphologi-
cal characteristics utilizing an anti-PSMA (Abcam, ERP6253) 
rabbit monoclonal antibody, as illustrated in Figure 1 (14,18).  
cRatio, which is the ratio of a cell’s intensity on a specific chan-
nel divided by the median cell intensities over all frames in 
that channel, was applied to determine the CK expression and 
PSMA protein expression cutoffs (>3 and >6, respectively). 

Analytical validation

We computed the PSMA protein biomarker expression’s 
subcellular localization and assessed the PSMA CTC assay’s 
limit of detection (LOD), specificity, sensitivity, precision, and 
overall accuracy. For the accuracy and precision experiments, 
three independent stain runs for different LD slide lots were 
examined. To evaluate the specificity of the PSMA TSA assay, 
three technical replicates each of the PSMA expression nega-
tive cell lines, including MDA-MB-231, MDA-MB-453, and 
DU145, plus HD slides were evaluated, together with two 
process controls (one positive and one negative). The ana-
lytical sensitivity of the PSMA TSA assay was assessed using 
14 technical replicates of the LNCaP slide, each with a differ-
ent number of spike-in CLCs. Additionally, a design of experi-
ments technique was utilized with eight stain repetitions to 
evaluate the accuracy of the PSMA TSA assay. Furthermore, 
eight technical replicates and two process control slides were 
stained to evaluate the PSMA TSA assay’s accuracy. Finally, to 
evaluate the PSMA TSA assay’s analytical LOD, 24 LD slides 
containing four different CLC/WBC dilution ratios (1, 10, 30, 
and 300 CLCs/3E6; six slides each) were evaluated by immu-
nofluorescence (IF) utilizing the optimized PSMA TSA assay. 
The LOD was determined by analyzing the linearity between 
the expected and observed numbers of CLCs for each group 
of slides as well as the lowest number of CLCs identified. The 
CTC candidates were manually checked by two independent, 
qualified individuals from Epic Sciences. “CTC per mL” of 
blood was used to represent the concentration of all CTCs 
and PSMA-expressing CTCs for each patient (Fig. 1).

Clinical validation and low-pass whole-genome sequencing 

A cohort of 24 men with mCRPC and avid PSMA expres-
sion confirmed by PSMA-PET/CT scans underwent CTC sam-
pling for clinical validation of the PSMA CTC assay using 3 mL 
blood samples. Additionally, 36 CTCs from 11 of these men 
were selected to undergo single-cell low-pass whole-genome 
sequencing for copy number alteration analysis, as shown 
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in Figure 1 (15). The single CTCs were manually isolated 
using microcapillaries. They were whole-genome amplified 
using the SeqPlex™ Enhanced DNA Amplification Kit (SeqXE) 
from Sigma-Aldrich. The amplified products were made into 
sequencing libraries and sequenced on an Illumina NextSeq 
500 to generate paired-end 150-bp reads. The sequencing 
data was analyzed using a copy number analysis pipeline 
that Epic developed (16). Briefly, the sequencing reads were 
aligned to the hg38 human reference; the low-quality align-
ments were excluded. The remaining reads were binned, 
scaled, and corrected for known biases (such as GC bias). The 
bin counts were then used for copy number variation (CNV) 
calling using a z-score statistic, which quantifies the amount of  
deviation in the bin counts of a given cell relative to a popu-
lation of normal cells. 

Results

PSMA assay development utilizing Epic Sciences’  
CTC platform

As part of technical feasibility, the development of the 
PSMA assay was conducted using a multistep approach that 
included antibody discovery, cell line screening, and the cre-
ation of LD slides. Based on a total of 4,614 PSMA-positive 
and 4,137 PSMA-negative cells, the assay had over 99% posi-
tive predictive value, negative predictive value, and overall 
accuracy value (Fig. 2A). Furthermore, precision was assessed 
across a variety of metrics, including lot-to-lot reproducibility 
and process control lot-to-lot repeatability, and it demon-
strated high precision (>0.97). To further assess the precision 

FIGURE 1 - CTC enumeration, biomarker detection, cell picking, and single-cell genomic analysis workflow. CTC = circulating tumor cell.

FIGURE 2 - PSMA assay development. A) Denoting the accuracy (PPV, NPV, and OAV) during PSMA assay development. The PSMA assay 
achieved PPV, NPV, and OAV of over 99%. B) The overall precision of the PSMA assay was ICC 0.98. C) Sensitivity: the lower spike-in concen-
tration in which 1 PSMA+ CLC was detected 90% of the time and the LOD was 1 CLC when 3 CLCs were spiked into the blood sample prior 
to slide deposition. D) Specificity for the PSMA TSA assay was >99%. E) Gallery of PSMA-expressing CLCs (LNCaP, 22Rv1, and PC3). CLC = cell 
line cell; ICC = intra-class correlation; LOD = limit of detection; NPV = negative predictive value; OAV = overall accuracy value; PPV = positive 
predictive value; PSMA = prostate-specific membrane antigen; TSA = tyramide signal amplification.
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across all intra-run, inter-run, operator, scanner, lot-to-lot 
repeatability, and process control lots, intra-class correlation 
(ICC) was calculated; the average result was 0.976 (Fig. 2B). 
The lower LOD was defined to be the lowest spike-in concen-
tration in which at least one PSMA+ CLC was detected 90% 
of the time, and the LOD at where 1 CLC/million was spiked 
into the blood sample prior to slide deposition (Fig. 2C). The 
specificity for the PSMA TSA assay was calculated based 
on  PSMA-negative, including MDA-MB-231, MDA-MB-453, 
and DU145, CLCs, which was over 99% (Fig. 2D). A gallery 
of PSMA-expressing CLCs from LNCaP, 22Rv1, and PC3 are 
shown in Figure 2E. 

PSMA CTC protein expression detection in mCRPC patients

In a cohort of 24 patients with PSMA-PET positive high-
risk mCRPC progressed on androgen receptor signaling inhib-
itor such as enzalutamide or abiraterone, using 3 mL of blood 
samples, CTC enumeration and PSMA protein expression 
were demonstrated with the PSMA CTC assay developed in 
cancer CLCs. Staining, classification of the slides, and analy-
sis of the 24 mCRPC samples revealed that 21/24 (88%) had 
at least one traditional CTC [CK(+), CD45(−), and intact DAPI] 
per milliliter of blood (ranging from 0 to 30 CTCs/mL across 
the cohort). Of these, 76% (16/21) cases had PSMA protein 
expression positive CTCs (CK+, CD45−, and DAPI), ranging 
from 0 to 27 CTCs/mL of blood, suggesting there might be 
tumor heterogeneity (PSMA-positive and PSMA-negative 
CTCs; Fig. 3A). Example CTCs in mCRPC patients with PSMA 
staining are shown in Figure 3B.

Low-pass whole-genome sequencing at single CTC level 

To identify the CNV, 36 single CTCs from 11 patients 
were picked, amplified, and low-pass whole-genome 
sequenced. The sequencing data was analyzed using a copy 
number analysis pipeline, where read counts were binned 
and corrected for known biases. The resulting bin counts 
were used for CNV calling. The CTCs from 11 patients that 
underwent low-pass whole-genome sequencing revealed 
genomic heterogeneity; frequent genomic amplification 
of the genes AR (27%), MYC (64%), and MYCN (45%); and 
copy loss of PTEN (36%), TP53 (64%), BRCA2 (45%), CHD1 
(55%), and RB1 (45%) (Fig. 4A). Genomic variation at the 
chromosomal level and at the single CTC level is shown in 
Figure 4B.

Discussion and conclusion

In this article, we detailed the development of a PSMA 
blood-based CTC assay utilizing Epic Sciences’ PSMA CTC 
assay platform. We performed analytical validation on LD 
slides and clinical validation on CTC samples from men 
with mCRPC with documented PSMA expression on PET 
scans. The analytical validation demonstrated high perfor-
mance, which firmly supported its capability to identify the 
PSMA protein expression in CTCs from high-risk patients 
with mCRPC. Further, Epic Sciences’ PSMA CTC assay plat-
form can be coupled with single-cell CTC sequencing to 
evaluate CNV and genomic heterogeneity in late-stage  
disease.

FIGURE 3 - Clinical validation of PSMA protein expression in CTCs of men with mCRPC. A) Analysis of 24 mCRPC samples revealed that 
21/24 (88%) had at least one conventional CTC/mL (range: 0-30 CTCs/mL), of which 16/21 (76%) were PSMA positive (range: 0-27 CTCs/
mL) with considerable tumor heterogeneity. B) A representative gallery of CTCs with PSMA expression in four unique CTCs in mCRPC 
patients. CTC = circulating tumor cell; mCRPC = metastatic castration-resistant prostate cancer; PSMA = prostate-specific membrane 
antigen.
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Expression of PSMA in mCRPC makes PSMA an attrac-
tive drug target. PSMA-targeted therapies are used in the 
management of metastatic prostate cancer and may have 
potential for wider usage in personalized management of 
metastatic prostate cancer (4). The PSMA protein, which is 
present on the plasma membrane of cells, is overexpressed 
in over 90% of individuals with mCRPC, and independently 
linked to shorter PFS and OS (4). Novartis recently received 
FDA approval for the PSMA RLT, 177Lu-PSMA-617, based on 
the improvement in PFS and OS from 177Lu-PSMA-617 in 
conjunction with best SoC compared with SoC alone in men 
with mCRPC who had previously received potent androgen 
receptor pathway inhibitors and chemotherapy in the phase 
III VISION trial (4). In numerous research studies, PET imag-
ing has been utilized to validate that patients have a curable 
PSMA-specific condition and track response to treatment. 
When compared to traditional imaging (CT, MRI), PSMA-
PET is far more sensitive and specific to PSMA for detecting 
micro-metastatic illness at both initial staging and biochemi-
cal recurrence (NCCN 2021). Although PSMA-negative tumor 
cells might not be visible by PSMA-PET imaging, they might 
nevertheless contribute to the development of progressive 
disease, particularly in heavily treated mCRPC. The correla-
tion between PSMA-PET imaging parameters and PSMA-
positive and PSMA-negative CTC enumeration is an area of 
active investigation. Additionally, serial CTC profiling to moni-
tor response to PSMA-targeted therapy (traditionally based 
on PSA and conventional imaging and/or PET) and associa-
tions with clinical outcomes require further research and vali-
dation in large trial datasets. This research effort could help 

to identify the 25%-30% of men with mCRPC who exhibit pri-
mary resistance to PSMA RLT, thereby mitigating additional 
exposure and allowing early transition to alternate therapies 
(17). The analytical results of the Epic Sciences’ PSMA CTC 
assay clearly confirm its viability for detecting PSMA expres-
sion and for single-cell whole-genome sequencing in CTCs 
from patients with mCRPC to identify genomic abnormalities 
known to be recurrent in this disease phase (AR, PTEN, TP53, 
CHD1, and BRCA1/2). High levels of sensitivity, specificity, 
and overall accuracy were shown by the PSMA CTC test.

Finally, we discussed the development of a PSMA blood-
based assay for CTC identification and the implementation 
of the low-pass whole-genome single-cell sequencing work-
flow to detect variations in copy number at the genome level 
and to further define CTC tumor heterogeneity in late-stage 
high-risk mCRPC. This test is positioned as a potent research 
tool to detect and prospectively monitor PSMA-positive CTC 
expression and examine tumor heterogeneity, therapeu-
tic response, and resistance in these mCRPC patients. The 
PSMA-avid disease is the focus of numerous ongoing clini-
cal trials, including PRINCE (NCT03658447) and the LuPARP 
study (NCT03874884), which utilize this powerful assay for 
early disease identification, disease monitoring, and under-
standing drug resistance in patients with mCRPC.

Abbreviations: CLC = cell line cell; CNV = copy number varia-
tion; CT = computerized tomography; CTC = circulating tumor 
cell; DNA = deoxyribonucleic acid; FDA = Food and Drug 
Administration; HD = healthy donor; ICC = intra-class correla-
tion; IF = immunofluorescence; LD = lab derived; LOD = limit 

FIGURE 4 - Individual CTCs can be identified and collected for next-generation sequencing to identify CNVs. A) 36 CTCs sequenced from  
11 patients exhibited genomic heterogeneity and frequent AR (3/11), MYC (7/11), and MYCN (5/11) amplification and loss of PTEN (4/11), 
TP53 (7/11), BRCA2 (5/11), CHD1 (6/11), and RB1 (5/11). B) Genome-wide chromosomal view images showing CNV at the single CTC level 
in mCRPC patients. CNV = copy number variation; CTC = circulating tumor cell; mCRPC = metastatic castration-resistant prostate cancer.
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of detection; mCRPC = metastatic castration-resistant pros-
tate cancer; MRI = magnetic resonance imaging; NPV = nega-
tive predictive value; OS = overall survival; PET = positron  
emission tomography; PFS = progression-free survival;  
PPV = positive predictive value; PSA = prostate-specific anti-
gen; PSMA = prostate-specific membrane antigen; RLT = 
radioligand therapy; SoC = standard of care; TSA = tyramide 
signal amplification; WBC = white blood cell 
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