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Abstract

Purpose—In men with metastatic castration-resistant prostate cancer (mCRPC), prostate-specific 

membrane antigen (PSMA)-targeted radioligand therapy has drastically improved clinical 

outcomes. A liquid biopsy characterizing PSMA expression could be useful in guiding optimal 

therapy.

Experimental Design—We conducted a retrospective analysis of the prospective multicenter 

PROPHECY (Prospective CiRculating PrOstate Cancer Predictors in HighEr Risk mCRPC StudY) 

trial of men with mCRPC (n = 118) treated with abiraterone (abi) or enzalutamide (enza). 

Circulating tumor cells (CTC) were enriched (CTC/mL) and characterized for PSMA protein 

expression/heterogeneity at baseline and progression. We utilized proportional hazards modeling 

of the association between PSMA-positive (PSMA+) CTC enumeration with overall survival (OS) 

and progression-free survival (PFS).

Corresponding Author: Andrew J. Armstrong, Duke Cancer Institute, DUMC 103861, Durham, NC 27710. Phone: 919-668-8797; 
Fax: 919-660-0178; andrew.armstrong@duke.edu.
S. Gupta and S. Halabi contributed equally to this article.
Authors’ Contributions
S. Gupta: Conceptualization, resources, data curation, formal analysis, supervision, validation, investigation, visualization, 
methodology, writing–original draft, project administration, writing–review and editing. S. Halabi: Conceptualization, resources, data 
curation, software, formal analysis, supervision, visualization, methodology, writing–original draft, writing–review and editing. Q. 
Yang: Formal analysis, visualization. A. Roy: Formal analysis, methodology. A. Tubbs: Project administration, writing–review and 
editing. Y. Gore: Methodology, project administration. D.J. George: Resources, supervision. D.M. Nanus: Resources, supervision. 
E.S. Antonarakis: Resources, supervision. D.C. Danila: Resources, supervision. R.Z. Szmulewitz: Resources, supervision. R. 
Wenstrup: Conceptualization, resources, supervision, funding acquisition, project administration, writing–review and editing. A.J. 
Armstrong: Conceptualization, resources, supervision, funding acquisition, project administration, writing–review and editing.

Supplementary data for this article are available at Clinical Cancer Research Online (http://clincancerres.aacrjournals.org/).

Prior presentation: Presented in part at the 2022 European Society of Medical Oncology.

HHS Public Access
Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2023 May 18.

Published in final edited form as:
Clin Cancer Res. 2023 May 15; 29(10): 1929–1937. doi:10.1158/1078-0432.CCR-22-3233.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://clincancerres.aacrjournals.org/


Results—Overall, 97 men with mCRPC had evaluable blood samples for baseline CTC PSMA 

detection; 78 men (80%) had detectable CTCs. Of these, 55% (43/78) of men had any PSMA 

CTC detection, 21% (16/78) had ≥2 PSMA+ CTCs/mL, and 19% (8/43) were 100% PSMA+. At 

progression on abi/enza, 88% (50/57) of men had detectable CTCs, 68% (34/50) had any PSMA 

CTCs, and 12% (4/34) had 100% PSMA+ CTCs. Among paired cases (n = 57), PSMA+ CTC 

detection increased slightly after abi/enza progression. Using an optimal cutoff of ≥2 PSMA+ 

CTCs/mL, median OS was 26, 21, and 11 months for men without CTCs, PSMA− CTCs, 

and PSMA+ CTCs. Adjusting for prior abi/enza therapy, Halabi clinical risk score, and CTC 

enumeration, the HRs for OS and PFS for PSMA+ CTC+ were 3.0 [95% confidence interval (CI) 

= 1.1–7.8] and 2.3 (95% CI = 0.9–5.8).

Conclusions—We observed PSMA CTC heterogeneity between and within patients with 

mCRPC over time during abi/enza progression. CTC PSMA enumeration was adversely 

prognostic independent of clinical factors and disease burden. Further validation is warranted 

in the context of PSMA-targeted therapies.

Introduction

Prostate-specific membrane antigen (PSMA) is a type II transmembrane glycoprotein 

receptor that is overexpressed in most prostate cancers. The level of PSMA expression 

may increase with higher grade disease and castration resistance (1, 2), but may decrease 

due to lineage plasticity, such as during the neuroendocrine (NE) transformation (3). 

Because of the limited sensitivity and specificity of conventional imaging with CT, MRI, 

and bone scan in detecting metastatic disease, particularly in the setting of low PSA 

values (4), PSMA-based PET imaging can improve lesion detection utilizing radioligands 

such as 68Ga-PSMA-11 and 18F-DCFPyL which are currently FDA-approved radioligands 

for PSMA-targeted PET imaging. In addition, PSMA targeting with 177Lu-PSMA-617 

radioligand therapy demonstrated longer imaging-based progression-free survival (PFS) and 

overall survival (OS) compared with the standard of care in men with PSMA-positive 

(PSMA+) advanced metastatic castration-resistant prostate cancer (mCRPC), according to 

the prospective VISION phase III trial (5). However, while PET imaging is used for patient 

selection, not all patients respond to 177Lu-PSMA-617 therapy, with nearly 50% of men 

failing to have durable responses over time despite PSMA+ PET imaging, and a significant 

heterogeneity in PFS and OS has been observed (5, 6, 7).

PSMA avidity and outcome heterogeneity could be impacted by many biological factors 

such as disease status, castration-sensitive versus-resistant disease, genotype, type of prior 

therapy, and timing and location of metastatic disease such as liver versus lymph node 

or bone metastases, as well as lineage plasticity and loss of androgen receptor (AR) 

dependence (2, 8, 9). Prior work has established the clear heterogeneity of PSMA expression 

in circulating tumor cells (CTC) from men with mCRPC in the context of chemotherapy 

(10). However, the dynamics of PSMA alterations over time in AR-based therapy settings, 

on the other hand, remain poorly understood.

The utility of CTC PSMA expression may lie both in prognostication and also in identifying 

patients with greater PSMA CTC homogeneity who may benefit from PSMA-targeted 
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therapy. Such noninvasive testing may permit a greater degree of precision medicine and 

patient selection than PET imaging by capturing the actively disseminating cells and 

their phenotype at a given time, which can then be monitored longitudinally in response 

to therapy. Prior work using the Epic Sciences CTC platform has established that CTC 

enumeration is highly prognostic in men with mCRPC, that CTC AR-V7 detection can 

identify men unlikely to benefit from AR-targeted therapies, and that CTC NE prostate 

cancer phenotypes can identify men with a very poor prognosis in this setting (11-14, 15). 

Here, we sought to investigate the prognostic association of PSMA+ CTC detection and 

heterogeneity with clinical outcomes in men with mCRPC during treatment with potent AR 

inhibitors such as abiraterone (abi) or enzalutamide (enza), and to quantify the changing 

cell heterogeneity of PSMA CTC detection over time. To accomplish this, we conducted 

an analysis of the prospective multicenter PROPHECY (Prospective CiRculating PrOstate 

Cancer Predictors in HighEr Risk mCRPC StudY) clinical trial (NCT02269982) by utilizing 

the Epic Sciences CTC platform.

Materials and Methods

Patients and eligibility

In this prospective study, the PROPHECY clinical trial (NCT02269982) is a multicenter trial 

investigating clinical outcomes among men with progressive mCRPC on standard-of-care 

abi and enza treatment (N = 118). Study details such as eligibility criteria and definitions 

of high-risk disease requiring ≥2 poor prognosis clinical factors were described previously 

(15), and disease progression at entry followed Prostate Cancer Clinical Trials Working 

Group (PCWG2) criteria (16). All patients with mCRPC provided their written informed 

permission. The Institutional Review Board approval was obtained from Duke University 

(Durham, NC) or Weill Cornell Medical College (New York, NY) in compliance with the 

Declaration of Helsinki ethical principles.

Blood samples for CTC analysis and immunophenotyping were collected at baseline prior 

to abi/enza therapy, and again upon disease progression as determined by the treating 

physician, typically based on imaging or clinical parameters rather than based solely on 

PSA levels over time. Imaging was performed every 3 months during therapy to determine 

response and progression according to RECIST 1.1 and PCWG3 criteria.

The PSMA CTC test (Epic Sciences) was developed using LNCaP (high PSMA), 22Rv1 

(low PSMA), and PC3 (neg PSMA) cells spiked into normal blood. Nucleated blood 

cells were plated onto glass slides (~3M cells) and subjected to immunofluorescence 

staining using antibodies targeting cytokeratins (CK), CD45, PSMA, and 4′,6-diamidino-2-

phenylindole (DAPI), followed by high-resolution scanning and CTC identification by a 

multiparametric digital pathology algorithm (Fig. 1A). CTC candidates were confirmed 

independently by two trained technicians at Epic Sciences. The 4-color assay evaluated 

PSMA protein expression [Abcam anti-PSMA (ERP6253) rabbit mAb] on individual CTCs, 

which were CK+, CD45−, and with an intact DAPI nucleus, demonstrating tumor-related 

morphologies. For each patient, the prevalence of CTC enumeration was represented as 

“CTC per mL” of blood.
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Data analysis

Patient samples were analyzed for frequency of cell types at calculated cell counts per mL of 

blood, and univariate distributions of CTC biomarkers were compared at the patient level for 

each diagnostic category.

The primary objective was to assess the prognostic association of PSMA CTC detection 

and heterogeneity with clinical outcomes in men with mCRPC who were enrolled in 

the PROPHECY trial. The primary endpoint was PFS, defined as the time until either 

radiographic progression using PCWG2 and RECIST 1.1 criteria, clinical progression, or 

death. OS and response rates (PSA and radiographic) were secondary clinical outcomes. 

Details regarding the study design have been published elsewhere (15).

We utilized the maximum rank statistical method to find cut-off points for PSMA positivity 

that corresponded to the largest discrepancy between the positive and negative PSMA 

CTC groups (10). The primary analysis was based on the optimal cut-off point of two or 

more CTCs per mL whole blood. In another exploratory analysis, PSMA CTC positivity 

was based on the observed median of ≥1. Men who had at least one PSMA+ CTC 

were considered PSMA+ (positive status). The proportional hazards model was used to 

investigate the prognostic value of PSMA CTC enumeration, PSMA CTCs with OS and 

PFS adjusting for CellSearch CTC number (≥5), prior therapy (abi/enza), and Halabi 

and colleagues prognostic factors (risk score; ref. 17), including PSA level, alkaline 

phosphatase, lactate dehydrogenase (LDH), opioid analgesic use, Eastern Cooperative 

Oncology Group performance status, albumin, hemoglobin, and metastatic site (visceral, 

bone, node only). The Kaplan–Meier product-limit approach was used to estimate the PFS 

and OS distributions by the PSMA+ CTCs. No P values will be reported as these analyses 

were exploratory.

Data availability

The data generated in this study are available upon request from the corresponding author.

Results

In this prospective study, 118 men with mCRPC were enrolled in the PROPHECY trial 

from five academic medical centers between May 2015 and January 2017. A total of 154 

mCRPC blood samples were used for the CTC enumeration and PSMA protein expression 

detection, including baseline (N = 97) and paired progression (N = 57) on abi or enza. The 

CONSORT diagram of mCRPC men treated with abi or enza from the PROPHECY trial 

(NCT02269982) is shown in Fig. 1B. Table 1 summarizes the patient clinical characteristics 

for the overall cohort for CTC biomarker detection and was based on the presence of two 

or more PSMA+ CTCs at baseline which is based on the optimal threshold for PSMA 

positivity in CTC for PFS and OS discrimination as described below.

CTC enumeration and PSMA expression at baseline and progression

In this study, we performed CTC enumeration and PSMA expression using the Epic PSMA 

assay, which detects protein expression at a single CTC level. Positive and negative cell line 
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controls spiked into normal blood were used as a reference during each batch of clinical 

samples immunostaining for assay optimization. The PSMA protein expression distributions 

in process control cell line cells are shown in Fig. 1C (LNCaP used as a positive control, 

PC3 as a negative cell, and 22Rv1 as a medium cell control). cRatio represents the ratio of 

a cell’s intensity on a specified channel divided by the average of the median cell intensities 

for all frames in the same channel (cRatio cutoff for CK was 3, and for PSMA was 6). CTCs 

expressing high CK, high PSMA; high CK, low PSMA; low CK, high PSMA; and low CK, 

low PSMA in patients with mCRPC were displayed as a CTC gallery in Fig. 1D.

The detection of Epic defined CTCs in patients at pretreatment baseline was 80% (78/97), 

and of these, 55% (43/78) of men harbored PSMA+ CTCs (minimum of at least one 

CTC). In addition, 21% (16/78) of men had ≥2 PSMA+ CTCs/mL which was established 

as the optimal cutoff for OS prognostication. Nineteen percent (8/43) of these cases had 

homogeneous PSMA expression on CTCs, with 100% CTC PSMA positivity (Fig. 2A and 

B). All the other analyzed patients with mCRPC at baseline detected prominent levels of 

tumor heterogeneity in CTC enumeration and PSMA CTC protein expression detection 

(Supplementary Fig. S1). Similarly, at disease progression on abi/enza, 88% (50/57) of men 

had ≥1 detectable CTC, of whom 68% (34/50) had detectable PSMA+ CTCs (≥1), and 46% 

(23/50) had ≥2 PSMA+ CTCs/mL and 12% had 100% PSMA+ CTCs (Fig. 2C and D).

PSMA+ CTC expression in paired intraindividual baseline and progression samples was 

compared (n = 57; Table 2). At baseline, 47/57 (82%) patients were CTC+, and 24/47 

(51%) were PSMA+ (at least one CTC), with 6/24 (25%) patients having more than 50% 

PSMA+ CTCs. Similarly, at progression, 50/57 (88%) patients had CTCs, 34/50 (68%) had 

PSMA+ CTCs, and 13/34 (38%) had >50% PSMA+ CTCs (Fig. 3A and B). As a result, 

PSMA+ CTC expression increased slightly in most patients who progressed on either abi 

or enza. The case-by-case comparison of all 57 cases at baseline and progression, including 

traditional CTC/mL and PSMA+ CTC/mL at baseline and progression, is shown in Fig. 3C 

and D. Furthermore, a head-to-head comparison of the common baseline and progression on 

abi/enza is summarized in Supplementary Table S1.

Clinical outcomes: relationship between PSMA+ CTC enumeration with OS and PFS

The prevalence of PSMA and traditional CTC positivity at baseline and progression, based 

on the observed median and optimal cutoffs is represented in Supplementary Table S2. We 

identified ≥2 CTCs per mL whole blood as the optimal discriminating threshold for PSMA+ 

CTC detection for both PFS and OS in univariate analysis.

The median OS in months for men with no detectable CTCs (CTC0; reference), detectable 

CTCs without PSMA CTC detection (PSMA− CTC), and detectable CTCs with PSMA 

CTC detection (PSMA+ CTC, using the optimal 2/mL cutoff), respectively, were 25.7 [95% 

confidence interval (CI) = 19.8–not reachable (NR)], 20.7 (95% CI = 17.7–30.2), and 11.2 

(95% CI = 8.0–22.4); univariate HR = 1.2 (95% CI = 0.7–2.3) and HR = 3.4; 95% CI = 

1.6–7.0 for men with CTCs that lacked PSMA detection (PSMA− CTC) and CTCs that had 

at least two positive PSMA CTCs/mL (PSMA+ CTC) as compared with the reference group 

of men with mCRPC who lacked CTC detection (CTC0), respectively (Fig. 4A). For CTC0 

patients (reference), PSMA− CTC, and PSMA+ CTC, the median PFS in months were 7.6 
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(95% CI = 6.7–16.5), 5.6 (95% CI = 3.6–9.0), and 4.4 (95% CI = 1.8–8.5); univariate HR 

= 1.5 (95% CI = 0.9–2.6) and HR = 2.8; 95% CI = 1.4–5.8 for PSMA− CTC and PSMA+ 

CTC versus CTC = 0, respectively (Fig. 4B). Both PSMA+ and PSMA− groups were CTC 

positive.

The prognostic importance of PSMA positivity was retained in multivariable analysis of 

OS adjusting for prior therapy, Halabi risk score, and CellSearch CTC enumeration. The 

adjusted HRs for OS for the PSMA− CTC and PSMA+ CTC groups using the optimal cutoff 

were 1.4 (95% CI = 0.6–2.8) and 3.0 (95% CI = 1.1–7.8), respectively, as compared with 

the CTC0 reference group. Similarly, the adjusted HRs for PFS for the PSMA− CTC and 

PSMA+ CTC groups using the optimal cutoff of two or more PSMA+ CTCs/mL whole 

blood was 1.5 (95% CI = 0.8–2.9) and 2.3 (95% CI = 0.9–5.8), respectively, and presented in 

Tables 3 and 4.

We further analyzed PFS and OS outcomes in men based on PSMA CTC homogeneity 

(100% PSMA CTC expression) as compared with PSMA CTC heterogeneity (<100% 

PSMA CTC expression). The median OS in months for CTC0 patients (reference), CTC+, 

PSMA− CTC, CTC+ PSMA CTC+ but heterogeneous (<100%), and CTC+ PSMA 100%, 

respectively, were 25.7 (95% CI = 19.8–NR), 24.5 (95% CI = 16.7–30.4), 15.6 (95% CI 

= 14.4–20.7), and 35.0 [95% CI = 16.9–Not Available (NA)]; univariate HR = 1.3 (95% 

CI = 0.7–2.6), HR = 2.0 (95% CI = 1.0–3.8) and HR 0.7; 95% CI = 0.2–2.1 for CTC+, 

PSMA− CTC, CTC+ PSMA CTC+ but heterogeneous (<100%), and CTC+ PSMA 100% 

versus CTC = 0, respectively. For PFS outcomes, median PFS CTC0 (reference), CTC+, 

PSMA− CTC, CTC+ PSMA CTC+ but heterogeneous (<100%), and CTC+ PSMA 100%, 

respectively, were 7.6 (95% CI = 6.7–16.5), 6.0 (95% CI = 3.5–11.4), 5.5 (95% CI = 

3.6–7.6), and 5.7 (95% CI = 3.0–NA) months, respectively. The univariate HR for PFS for 

these groups relative to CTC0 patients was 1.4 (95% CI = 0.8–2.6), HR = 2.0 (95% CI = 

1.1–3.6) and HR = 1.5; 95% CI = 0.7–3.6 for CTC+, PSMA− CTC, CTC+ PSMA CTC+ 

but heterogeneous (<100%), and CTC+ PSMA 100% versus CTC = 0, respectively. See 

Supplementary Figs. S2A and S2B and Supplementary Tables S3A and S3B.

Secondary clinical outcomes: relationship of PSMA+ CTC enumeration with confirmed 
PSA declines and objective radiographic responses

We analyzed the proportion of men who achieved a 50% or greater PSA decline from 

baseline, confirmed on a subsequent value 4 or more weeks later, with abi or enza, based 

on pretreatment PSMA CTC detection using the optimal threshold of two or more PSMA+ 

CTCs. PSA50 confirmed declines were observed in 50% of men (9/18) who were CTC0, 

27.5% of men who were CTC+ PSMA− (14/51), and 15.4% of men who were CTC+ 

PSMA+ (2/13). Likewise, using RECIST 1.1, the proportion of RECIST evaluable men who 

achieved an objective partial response with abi or enza was 28.6% of men who were CTC0 

(2/7), 22.2% of men who were CTC+ PSMA− (6/27), and 33.3% of men who were CTC+ 

PSMA+ (2/6). See Supplementary Fig. S3A and S3B. Thus, PSMA CTCs were prognostic 

for worse OS and PFS outcomes with abi or enza, lower rates of confirmed PSA declines, 

but no differences in objective radiographic responses in this study.
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Association of AR-V7, chromosomal instability, and neuroendocrine prostate cancer 
(NEPC) CTC phenotypes with PSMA expression

Finally, we explored whether PSMA CTC detected differed in groups of men who harbored 

a NEPC CTC phenotype, given prior work suggesting that NEPC transformation may lead 

to loss of PSMA expression. We analyzed coexpression of CTC PSMA with biomarkers 

associated with poor outcome and aggressive clinical behavior in castration-resistant 

prostate cancer, including detection of AR-V7 nuclear protein in CTCs, CTC chromosomal 

instability (CIN) immunophenotype, and NEPC phenotypes in CTCs at baseline and over 

time during progression on abi or enza treatment as detailed in prior prospective validation 

studies of men with mCRPC (12, 13, 15). CTC biomarker group incidence was compared by 

the PSMA optimal cutoff for CTC AR-V7, CIN, and NE detection at baseline (97 cases).

In pretreatment baseline samples, 15/16 (94%) CIN-positive cases, 6/16 (37.5%) NE-

positive cases, and 4/16 (25%) AR-V7–positive cases were PSMA+ according to the 

optimal threshold CTC cutoff (n = 16 cases PSMA+). Interestingly, a trend of lower PSMA 

positivity and thus greater PSMA negativity within the NEPC CTC+ patients was observed 

in comparison with PSMA+/NE− group, with the majority of NEPC+ patients having 

<50% PSMA CTC detection (Supplementary Fig. S4). Similarly, at progression as per 

optimal threshold cutoff (n = 23 cases PSMA+), 11/23 (48%) AR-V7–positive, 4/23 (17%) 

NE-positive cases, and 13/23 (57%) CIN-positive cases were PSMA+ (Supplementary Table 

S3). Thus, we observed PSMA expression heterogeneity regardless of CTC-CIN, NEPC, or 

AR-V7 phenotype and a general reduction of CTC PSMA detection in many patients with 

evidence of poor prognosis NEPC or AR-V7 CTC biomarker detection.

Discussion

In this retrospective analysis of CTC PSMA detection in the multicenter prospective 

PROPHECY study, we identified several important and clinically relevant findings that may 

have implications for clinical research and patient care. The first is that PSMA detection 

was heterogeneous among men with mCRPC, with some men exhibiting uniform PSMA+ 

disease and some men lacking PSMA detection entirely despite having a large number 

of CTCs. This heterogeneity was also present after progression on abi or enza therapy, 

with a modest increase in PSMA+ CTCs and the percentage of patients with any PSMA 

CTC detection in this post-AR inhibitor mCRPC setting. Second, we found that using an 

optimal cut-off point of two or more PSMA+ CTCs/mL of whole blood, PSMA+ CTCs 

were independently prognostic of both PFS and OS in the context of AR inhibitor therapy 

in men with mCRPC. Thus, PSMA+ CTCs may confer added risk above and beyond 

standard CTC enumeration and clinical risk prognostic factors including prior abi or enza 

therapy. These data suggest that PSMA CTC detection and characterization is adversely and 

independently prognostic in an AR inhibitor context in men with mCRPC. Such patients 

currently may benefit from PSMA Lu177 radioligand therapy, and thus a liquid biopsy assay 

that more completely characterizes this PSMA detection heterogeneity could be useful in 

identifying men who may have differential outcomes with PSMA-targeted therapy, such as 

Lu177-PSMA-617 radioligand therapy. Further validation of this CTC biomarker in such a 
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novel context of use setting is now planned to demonstrate such critical predictive clinical 

utility.

PSMA-targeted radionuclide therapy has significantly improved outcomes in men with 

mCRPC and is now being tested in earlier disease settings. However, there is clear outcome 

heterogeneity despite the utility of PSMA PET imaging and patient selection, with some 

men exhibiting long-term durable responses and survival, and some men exhibiting a 

lack of any clinical benefit. PSMA PET characteristics such as standardized uptake value 

(SUV) mean (whole body) may identify differential outcomes with such therapy, but these 

assessments are not readily available in the community (18). In addition, posttreatment 

PSA levels may also capture the heterogeneity of PFS and OS outcomes following PSMA-

Lu177 therapy (6). A liquid biopsy assay to detect and characterize PSMA expression and 

heterogeneity at baseline and over time could be helpful to guide optimal therapy and 

identify patients most likely to benefit.

Our retrospective analysis of PROPHECY suggests that PSMA expression was effectively 

detected and quantitated at a single CTC level, with a high prevalence of detection at 

disease progression or abi or enza. Lower detection of PSMA+ CTCs was also clearly 

identified in men with poor prognostic NEPC phenotypes as measured by the prospectively 

validated CTC NEPC assay (12). We quantified PSMA CTC heterogeneity in men with 

mCRPC before and following progression on abi or enza therapy, finding an increase in 

PSMA+ CTC identification following AR inhibitor therapy in the majority of patients, 

and a decrease in expression in patients with NEPC or AR-V7–positive CTC phenotypes. 

Preservation of CTC PSMA expression in patients with CIN is of interest and suggests 

that men with mCRPC and DNA repair deficiencies such as BRCA2 loss may have PSMA 

avid disease as has been reported previously. The CTC and PSMA CTC enumerations 

were adversely prognostic and given the known prognostic impact of PSMA PET detection 

and intensity on outcomes, this assay could be useful in selecting patients with mCRPC 

for PSMA-targeted therapies in the early stages of disease progression (19, 20). Such 

personalization of prognostic outcomes based on CTC biomarkers may facilitate optimal 

treatment selection in the future. For example, we hypothesize that men with more abundant 

PSMA CTC expression homogeneity will actually have improved outcomes with PSMA-

targeting radioligand therapy as compared with men with CTCs lacking PSMA or having 

greater PSMA heterogeneity. While it is known that patterns of spread such as to visceral 

organs such as liver may negatively impact response and benefits of PSMA radioligand 

therapy, a liquid biopsy to more fully capture this loss of PSMA expression may lead to 

combination radioligand or treatment approaches, or alternatives for patients predicted to 

not respond to this therapy, pending prospective validation (18). The relationship between 

PSMA CTC enumeration and heterogeneity characterization with clinical outcomes in the 

context of PSMA-directed therapy will be further explored in future prospective research.

The limitations of this work include the lack of external validation in the context of 

PSMA-targeted therapy and PSMA PET/CT characteristics, and this work is ongoing in 

the phase II PRINCE trial (NCT03658447) of pembrolizumab plus Lu177-PSMA-617 

radioligand therapy and other trials. The optimal cut-off point of 2 CTC/mL is not yet 

externally validated. The prospective validation studies are now planned in the context of 
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PSMA-targeted therapy to evaluate the optimal cut-off point for PSMA CTC enumeration 

and heterogeneity characterization at baseline and over time for prediction of survival and 

PFS benefits. The potential for future predictive studies of PSMA CTC detection may be 

to complement PSMA PET/CT imaging to further optimize care delivery and monitoring 

of PSMA-directed therapies, pending future validation efforts in this context. Prior work 

suggests that AR inhibition may modulate PSMA detection on imaging, and our findings 

support this in some men, but further studies are needed using PSMA CTC detection earlier 

in the course of potent AR inhibition rather than at progression (21). Such work should 

provide a greater basis for optimal patient selection for PSMA-directed therapeutics and 

decisions on further therapy based on clinical benefits and early pharmacodynamic measures 

of efficacy such as PSMA CTC enumeration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

In men with metastatic castration-resistant prostate cancer, we found that prostate-

specific membrane antigen (PSMA) detection on circulating tumor cells (CTC) was 

heterogeneous both between patients and within the same patients over time, increasing 

during treatment with the potent androgen receptor (AR) inhibitors abiraterone or 

enzalutamide. PSMA CTC detection using the optimal prognostic threshold of ≥2 

PSMA-positive CTCs detected per mL of whole blood was independently associated 

with shorter overall and progression-free survival after adjusting for clinical risk factors, 

CTC enumeration, and prior AR therapy exposure. PSMA CTC detection was also 

independent of AR-V7–positive CTC detection or neuroendocrine CTC phenotype. Our 

findings suggest a liquid biopsy technique that detects and identifies PSMA protein 

expression and heterogeneity over time at a single cell level could be useful in identifying 

individuals who have worse outcomes with existing hormonal therapies and, pending 

future predictive validation, those men who may benefit the most from PSMA-targeted 

therapy.
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Figure 1. 
Epic Sciences PSMA detection platform identifies CTC in PROPHECY trial cohorts. A, 
Step 1: a whole blood sample was collected from the patient and shipped overnight to 

the Epic facility. RBCs were lysed; nucleated cells were resuspended; approximately 3M 

nucleated cells from each sample were plated on a microscope slide. Step 2: The slides were 

stained with a cocktail of antibodies: pan CK, CD45, and DAPI to assess CTC enumeration, 

and the fourth channel to evaluate PSMA protein expression. Step 3: The stained slides were 

scanned by Epic’s rapid automated fluorescent scanning method. Step 4: Epic’s proprietary 

algorithm analyzes cellular parameters, including PSMA expression and cell morphology, to 

differentiate candidate CTCs from surrounding white blood cells (WBC). Candidate CTCs 

were identified and displayed in a report and are confirmed by two trained technicians. 

B, Workflow of the prospective PROPHECY study, a total of 154 mCRPC blood samples 

were used for CTC enumeration and PSMA expression detection, including baseline (N = 

97) and paired progression (N = 57). C, In vitro, PSMA protein expression was evaluated 

using LNCaP-positive cells, PC3-negative cells, and 22Rv1-medium control cells. cRatio 

represents the ratio of a cell’s intensity on a specified channel divided by the average of the 

median cell intensities for all frames in the same channel. D, For example: CTCs expressing 

high CK high PSMA, high CK low PSMA, low CK high PSMA, and low CK low PSMA in 

patients with mCRPC were displayed as a CTC gallery (10×).
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Figure 2. 
CTC enumeration and PSMA protein expression heterogeneity in pre- and post-abi/enza 

therapy. A, Dot plot of CTC enumeration at baseline expressed as CTC/mL (N = 97). B, 
Bar plot of traditional CTC/mL (red) and PSMA+ CTC/mL (blue) at baseline (N = 97). C, 
Graph depicting CTC enumeration during abi/enza progression as CTC/mL (N = 57). D, A 

bar graph depicting the traditional CTC (red) and PSMA+ CTC/mL (blue) at progression (N 
= 57).
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Figure 3. 
PSMA positivity comparison between common baseline and progression cases. A, Head-to-

head comparison of CTC enumeration and PSMA+ CTC/mL at baseline and progression 

in 57 common mCRPC cases. B, Fraction of PSMA+ CTC expression comparison 

between baseline and progression samples (PSMA+ CTC/traditional CTC). C, Case-by-case 

comparison of CTC/mL at baseline and progression (N = 57). D, Case-by-case comparison 

of PSMA+ CTC/mL at baseline and progression (N = 57). Blue = baseline, Red = 

progression.
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Figure 4. 
Depicts the association between PSMA+ CTC enumeration and OS and PFS. The 

associations of PSMA+ CTC enumeration with OS and PFS were explored using the 

proportional hazard model. A, The median OS in months for CTC = 0 (reference), PSMA− 

CTC, and PSMA+ CTC, respectively, were 25.7 (95% CI = 19.8–NR), 20.7 (95% CI = 

17.7–30.2), and 11.2 (95% CI = 8.0–22.4); univariate HR = 1.2 (95% CI = 0.7–2.3) and HR 

3.4; 95% CI = 1.6–7.0 for PSMA− CTC and PSMA+ CTC versus CTC = 0, respectively. B, 
For CTC0 (reference), PSMA− CTC, and PSMA+ CTC, the median PFS in months were 7.6 

(95% CI = 6.7–16.5), 5.6 (95% CI = 3.6–9.0), and 4.4 (95% CI = 1.8–8.5); univariate HR 

= 1.5 (95% CI = 0.9–2.6) and HR = 2.8; 95% CI = 1.4–5.8 for PSMA− CTC and PSMA+ 

CTC versus CTC = 0, respectively.
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Table 2.

CTC enumeration and PSMA+ CTC expression at baseline (N = 97) and progression (N = 57) samples from 

PROPHECY study. All the CTC parameters (mean, median, and range) were represented in CTC/mL.

Baseline Traditional CTC/mL
Baseline PSMA+ 
CTC/mL

Progression Traditional 
CTC/mL

Progression PSMA+ 
CTC/mL

Overall N = 97 N = 57

 Mean 9.57 1.44 42.53 3.82

 Median 3.30 0.00 10.20 1.30

 Range 0–151.4 0–22 0–682.7 0–59.7

 CTC negative 19 (20%) 7 (12%)

 CTC positive 78 (80%) 50 (88%)

PSMA+ CTC cases (N) 43/78 (55%) 34/50 (68%)

 Mean 15.1 2.7 64.4 6.4

 Median 5.4 1.7 13.3 3.2

 Range 0.9–151.4 0.5–22 0.9–682.7 0.5–59.7

PSMA− CTC cases (N) 35/78 (45%) 16/50 (32%)

 Mean 8.03 0.00 14.67 0.00

 Median 4.50 0.00 5.95 0.00

 Range 0.8–40.6 0.8–96.10
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Table 3.

Multivariable analysis of PSMA in predicting OS using the optimal cutoff for PSMA CTC positivity adjusting 

for prior therapy, CellSearch CTC and Halabi risk score.

Cutoff (≥) HR (95% confidence interval)

PSMA continuous NA 1.10 (1.00–1.20)

PSMA continuous (log2(x+1)) NA 1.25 (0.94–1.66)

PSMA negative (observed median cutoff) 1 1.35 (0.63–2.88)

PSMA positive (observed median cutoff) 1 1.73 (0.77–3.92)

PSMA negative (optimal cutoff) 2 1.35 (0.64–2.83)

PSMA positive (optimal cutoff) 2 2.96 (1.13–7.79)
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Table 4.

Multivariable analysis of PSMA predicting PFS using the optimal cutoff for PSMA CTC positivity adjusting 

for prior therapy, CellSearch CTC and Halabi risk score.

Cutoff (≥) HR (95% confidence interval)

PSMA continuous NA 1.05 (0.97–1.15)

PSMA continuous (log2(x+1)) NA 1.30 (0.97–1.73)

PSMA negative (observed median cutoff) 1 1.44 (0.75–2.79)

PSMA positive (observed median cutoff) 1 1.90 (0.92–3.93)

PSMA negative (optimal cutoff) 2 1.51 (0.80–2.87)

PSMA positive (optimal cutoff) 2 2.28 (0.90–5.76)
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