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Abstract

Background—Proof of the clinical utility of a biomarker is when its use informs a management 

decision and improves patient outcomes relative to when it is not.

Objective—To model the clinical benefit of the nuclear-localized AR-V7 test for men with 

progressing metastatic castration-resistant prostate cancer (mCRPC) at the second line of therapy 

or greater to inform the choice of an androgen receptor signaling inhibitor (ARSI) or a taxane.

Design, setting, and participants—The study population was a cross-sectional cohort of 193 

unique patients with progressing mCRPC from whom 255 samples were drawn at the time of the 

second line or later treatment decision who received an ARSI or taxane, with up to 3 yr of 

additional follow-up. Physicians were blinded to AR-V7 status and the testing laboratory was 

blinded to outcomes.

Outcome measurements and statistical analyses—We measured physician propensity for 

choosing an ARSI or taxane based on patient prognosis, as well as overall survival (OS) adjusted 

for physician propensity by drug class without or with knowledge of nuclear localized AR-V7 

status in circulating tumor cells (CTCs).
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Results and limitations—Treating physicians had a propensity for choosing a taxane over 

ARSI for patients with more advanced disease or who received an ARSI as the immediate prior 

therapy. After adjusting for physician propensity, discernible OS differences were not observed 

between taxane- and ARSI-treated patients (median 15.6 vs 14.4 mo; p = 0.11). Patients with 

detectable nuclear-localized AR-V7 in CTCs had superior survival with taxanes over ARSIs 

(median 9.8 vs 5.7 mo; p = 0.041). AR-V7–negative patients had superior survival on ARSIs over 

taxanes (p = 0.033) but overlapping curves limit the interpretation. Mutivariable models showed a 

robust interaction between AR-V7 status and drug, and a lower risk of death on taxanes for AR-

V7–positive men.

Conclusions—Use of the nuclear-localized AR-V7 CTC test to inform treatment choice can 

improve patient outcomes relative to decisions based solely on standard-of-care measures.

Patient summary—Men with metastatic prostate cancer who test positive for AR-V7 protein in 

circulating tumor cells are likely to live longer if taxane chemotherapy is used.
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1. Introduction

Next-generation androgen receptor signaling inhibitors (ARSIs) such as abiraterone and 

enzalutamide have a proven effect on overall survival (OS) and favorable safety profiles 

relative to other therapies approved by the US Food and Drug Administration for metastatic 

castration-resistant prostate cancer (mCRPC). Most of these patients are treated in the first 

line with an ARSI [1] because overall response rates are high and often durable. 

Unfortunately, all patients eventually progress [2,3] and require additional treatment. The 

choice of the second or greater line of therapy is less certain, as the response to a first-line 

ARSI does not predict the response to a second [4–6]. Many physicians routinely prescribe a 

taxane in this context, while recognizing that a significant subset of patients might still 

benefit from a less toxic, orally administered ARSI.

There have been no prospective randomized trials comparing an ARSI to a taxane in the 

second-line setting. Such a trial would be challenging given the real-world bias of physicians 

who assume that tumors that are more aggressive according to clinically assessed parameters 

require a taxane over an ARSI for optimal patient benefit. Consistent with this bias is an 

observational study of 546 patients treated in a US community-based practice in which no 

significant OS difference was observed for either drug class after adjusting for known risk 

factors, yet the authors concluded that the data favored second-line therapy with a taxane [7] 

Similarly, a single-site Japanese study of 222 patients showed no discernible difference in 

OS after adjusting for baseline prognosis using multivariable models [8]. Reports for men 

treated in the post-docetaxel setting [9] or after rapid progression on an ARSI [10] suggest a 

modestly lower risk of death for those with high Halabi risk scores who received a taxane.

In previous work analyzing two independent cross-sectional cohorts treated primarily at a 

single tertiary cancer center, we showed an association between the presence of nuclear-

Graf et al. Page 2

Eur Urol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



localized AR-V7 protein in circulating tumor cells (CTCs) and a lack of response and 

shorter survival time following treatment with an ARSI, as well as a treatment-specific 

interaction showing superior survival following taxane treatment [11,12]. In both studies, 

men who had nuclear-localized AR-V7 protein in CTCs before therapy had more favorable 

OS on a taxane than on an ARSI, even though taxane-receiving patients had an inferior 

pretreatment prognosis on the basis of their receipt of more prior lines of systemic therapy 

and higher pretreatment prostate-specific antigen (PSA) and lactate dehydrogenase levels.

A limitation of these studies was that patients were not randomly assigned to treatment to 

specifically address the biomarker question. However, both studies incorporated the same 

analytically validated and locked assay, treatment decisions were made before nuclear AR-

V7 status in CTCs was determined, and the laboratory personnel were blinded to patient 

outcomes. Combining the cohorts and using longer follow-up data, we sought to determine 

factors that contributed to the choice of one therapy over the other without knowledge of the 

biomarker result, and used them to model survival had the biomarker result been available.

To do this, we used propensity analyses of the probability of being treated with an ARSI or 

taxane based on known and readily available pretreatment clinical factors, without 

knowledge of the nuclear AR-V7 test result. Use of propensity scores provides a proxy for 

the degree of confidence in using either drug class per treatment decision, facilitating our 

estimation of the incremental survival added by AR-V7 test results to decisions made by 

experienced physicians in a tertiary cancer center to maximize patient survival.

2. Patients and methods

2.1. Patient population

Our analysis included a subset of mCRPC patients (255 samples for 255 treatment decisions 

for 193 unique patients) treated at Memorial Sloan Kettering Cancer Center (New York, NY, 

USA) between December 2012 and September 2016. These clinical and biomarker data 

were previously used in separate analyses [11,12], but up to 3 yr of additional follow-up is 

included in this analysis. For all patients, data on history were collected, including stage at 

diagnosis, initial management and all subsequent systemic therapies, physical examination, 

laboratory studies (complete blood count, albumin, alkaline phosphatase, lactate 

dehydrogenase, PSA, and hemoglobin), and serum testosterone to confirm castrate status 

(<50 ng/dl). Categorization of progressive disease was in accordance with Prostate Cancer 

Clinical Trials Working Group 2 or 3 guidelines [13,14]. All patients provided signed 

informed consent to participate in a protocol approved by the Memorial Sloan Kettering 

institutional review board. Blood samples were drawn before initiation of either an ARSI 

(abiraterone, enzalutamide, or apalutamide) or taxane (docetaxel, cabazitaxel, or paclitaxel) 

assigned at the discretion of the treating physician without knowledge of AR-V7 status (Fig. 

1).

2.2. CTC collection

Blood (7.5 ml) from each subject was collected in Streck tubes and processed within 48 h 

using methods previously described [11,12,15]. In brief, red blood cells were lysed, and 
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approximately 3 million nucleated blood cells were dispensed onto 10–16 glass microscope 

slides and placed at −80°C for long-term storage. Sample processing and testing were 

conducted in laboratories certified under US Clinical Laboratory Improvement Amendments 

regulations.

2.3. CTC immunofluorescent staining and analysis

CTCs were identified and characterized as previously described [11,12,15]. In brief, slides 

created from mCRPC patient samples underwent automated immunofluorescent staining for 

DNA, cytokeratins, CD45, and AR-V7. Two slides were evaluated per sample. Clinical 

laboratory scientists licensed in California conducted final quality control of the CTC 

classification and subcellular biomarker localization.

AR-V7 scoring criteria were used as previously reported [11,12,15]. In short, samples with 

at least one CTC with an intact nucleus and nuclear-localized AR-V7 signal-to-noise level 

above an established background intensity per two slides tested (~1 ml of blood) were 

scored as AR-V7–positive (Fig. 1C). The analytical specificity of detection in contrived 

CTC samples, patient CTC samples, and healthy and malignant solid tissues and blood was 

previously reported [11].

2.4. General statistical considerations

Patient sample demographics and clinical characteristics at the time of blood draw were 

evaluated in terms of descriptive statistics overall and by drug class assigned (Table 1) and 

AR-V7 positivity (Supplementary Table 1). Linear mixed-effects models were used to 

compare differences between patient sample groups, accounting for multiple records per 

patient (R package lme4). The unit of measure in this study was the patient sample obtained 

at the time of a treatment decision. Overall, 141, 43, eight, and one patient contributed one, 

two, three, and four samples, respectively. All treatment decisions were considered 

independent unless otherwise specified. OS was calculated from the time of treatment 

decision to death. Patients alive at last follow-up were right-censored. In multivariable Cox 

proportional-hazards models we used a clustered term to compute robust variances, 

accounting for multiple records per patient. R version 3.4.1 software was used for all 

statistical analyses.

2.5. Propensity score weighting

To gain an understanding of the factors, independent of outcome and AR-V7 status, 

affecting treatment decisions between ARSI and taxanes, we created a multivariable model 

from which propensity scores were generated. The factors evaluated were age; line of 

therapy to be initiated; presence of liver, bone, lung, and lymph node metastases; laboratory 

values for albumin, PSA, lactate dehydrogenase, alkaline phosphatase, and hemoglobin; and 

whether an ARSI was the immediate prior therapy (Supplementary Fig. 1). All features were 

included in a generalized linear model (R package glm) to develop the multivariable model 

before propensity score generation (R package MatchIt). Individual sample weights were 

created using the inverse probability of treatment weighting technique, which adjusts the 

weight for individual patients to the inverse of the propensity score, to estimate a 

randomized treatment assignment [16,17]. OS times were then estimated using the Kaplan-
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Meier method with and without the weights, and differences in survival between the 

treatment groups were assessed using the log-rank test (R package survival).

3. Results

3.1. Clinical characteristics of the analysis cohort

Overall, 397 samples from 295 unique patients were collected before starting an ARSI or 

taxane. Of these, 136 samples were obtained in the first line, three did not have AR-V7 

staining, and three had an excessive individual sample weight after inverse probability 

weighting. The analysis cohort (Fig. 1A) included the remaining 255 samples from 193 

unique patients obtained before starting a second-line or greater treatment, of which 132 

(52%) were before starting an ARSI and 123 (48%) before starting a taxane (Fig. 1B).

Table 1 summarizes the characteristics of the patients as a group at the time of blood sample 

collection, and separately by the therapy selected by their treating physician without 

knowledge of AR-V7 status. Of the 193 unique patients, 163 were deceased. The median 

follow-up for surviving patients was 28.4 mo (interquartile range 24.4–33.0). Patients 

assigned a taxane had received more prior lines of therapy (p < 0.0001), had higher PSA, 

lactate dehydrogenase, and alkaline phosphatase levels, had lower hemoglobin, and were 

more likely to have liver (all p < 0.01) or bone metastases (p = 0.018) relative to those 

assigned an ARSI. They were also numerically but not significantly more likely to have had 

an ARSI as the immediate prior therapy (72% vs 61%; p = 0.066) and more likely to be AR-

V7-positive (29% vs 16%; p = 0.010).

3.2. Propensity score

The most influential factors that led physicians to assign a taxane over an ARSI were the 

number of prior systemic therapies in the metastatic setting, the presence of liver metastases, 

PSA, and whether the immediate prior therapy was an ARSI (Fig. 2A). These factors reflect 

the treating physician’s propensity to use a taxane for tumors that they judge to be more 

aggressive and more advanced and that they suspect to be cross-resistant to a second ARSI if 

given sequentially (Supplementary Fig. 1).

Figure 2B shows the individual propensity scores before treatment assignment. A score of 0 

indicates near-complete certainty that the treatment selected would be an ARSI, and a score 

of 1, a taxane. With the exception of patients with a propensity score at the extremes, there 

was no clear tendency to give one drug class or the other (Fig. 2B). Outside of these 

extremes, AR-V7 positivity was independent of propensity to give one drug class or the 

other (Fig. 2B).

3.3. Effect of therapy choice and AR-V7 status on OS

Overall, patients assigned a taxane in comparison to those assigned an ARSI had more 

aggressive disease, more prior lines of therapy (Table 1), and a higher risk of death 

(Supplementary Fig. 4). Without adjustment for physician choice propensity, those assigned 

an ARSI had longer OS relative to those assigned a taxane (median OS 17.4 vs 13.0 mo; 

hazard ratio [HR] 0.60; p = 0.00021; Fig. 3A). By contrast, after adjustment for physician 

Graf et al. Page 5

Eur Urol. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



propensity via inverse probability weighting, a difference in OS was not observed between 

the ARSI and taxane groups (14.4 vs 15.6 mo; HR 0.80; p = 0.11; Fig. 3B). However, when 

the patients were categorized by AR-V7 status, AR-V7–positive patients had superior OS on 

a taxane versus an ARSI (median 9.8 vs 5.7 mo; HR 1.8; p = 0.041; Fig. 3C). Patients testing 

negative for AR-V7 had a significant difference in OS favoring an ARSI over a taxane (p = 

0.033), but overlapping curves limit this interpretation of the results (Fig. 3C). In practice, 

AR-V7 is most likely to be used to inform decisions with the greatest uncertainty. The range 

of propensity scores from 0.25 to 0.75 represents the area of greatest uncertainty in 

treatment decisions, and an analysis restricted to this range yielded similar observations 

(Supplementary Fig. 2).

A Cox model evaluating this treatment interaction and incorporating treatment propensities 

is shown in Figure 3D. AR-V7–positive patients as a group had a higher risk of death (HR 

5.2, 95% confidence interval [CI] 2.6–10.4; p < 0.0001). However, this effect was drug 

class–dependent, as AR-V7–positive patients receiving taxanes had a lower risk of death on 

taxanes than on ARSIs (HR 0.37, 95% CI 0.17–0.82; p = 0.014). Analyses with and without 

propensity weighting or adjustment for baseline risk factors showed similar results 

(Supplementary Fig. 4). We also investigated whether prior treatment alone or patient risk 

could be an alternative to AR-V7 status with respect to predictive associations. The 

interaction of AR-V7 and therapy was still additive and independent when they were 

considered (Supplementary Fig. 4).

4. Discussion

For a biomarker to have clinical utility, it must provide incremental information to 

physicians beyond what is routinely available to allow more informed therapeutic decisions 

that result in better patient outcomes. Here we show that for oncologists experienced in the 

management of prostate cancer treating men with progressing mCRPC starting the second or 

greater line of therapy, patient survival would have been prolonged by use of the nuclear-

localized AR-V7 CTC test to guide the choice of an ARSI or a taxane relative to a decision 

made when AR-V7 status was unknown.

Propensity analyses adjust for the influence of known factors on treatment assignment. 

Randomized trials adjust for known and unknown factors and are the gold standard in 

determining the impact of use of a biomarker result to improve patient outcomes [18]. An 

alternative is a prospective-retrospective study using banked specimens that is confirmed by 

a second independent study [19]. This has been shown for the outcome associations of the 

nuclear-localized AR-V7 test investigated here [11,12] and corroborated later in a 

prospective trial [20].

However, the patients enrolled on the basis of defined eligibility for trials may not be fully 

representative of those encountered in a clinical practice setting. The propensity analysis 

reported here models the outcomes for unselected patients treated in the course of routine 

management. The results show that choice of an ARSI or taxane without knowledge of 

pretherapy nuclear localized AR-V7 status in CTCs was highly influenced by the line of 

therapy, treatment sequence, and perceived risk of death (Fig. 2). Taking these factors into 
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account and analyzing them using multivariable treatment interaction models that included 

AR-V7 status (Fig. 3D, Supplementary Fig. 4), we showed that the assay result would have 

provided independent and additive value to both patient survival risk and prior treatment 

history in selecting the appropriate treatment.

Propensity weighting adjusts for the likelihood that a physician chose one drug class over 

the other, which is in effect a pseudorandomization [16,17]. With this adjustment, a 

difference in survival was not observed between ARSI and taxane use in second line or later 

mCRPC (Fig. 3B). When the propensity weighting was retained and AR-V7 status was 

added, AR-V7–positive patients had superior survival on taxanes (median 9.8 vs 5.7 mo; p = 

0.041), while AR-V7–negative patients had superior survival on ARSIs (p = 0.033; Fig. 3C). 

The latter result, however, must be interpreted with caution given the overlap of curves 

observed and the difference in survival observed is primarily in the tail of the curve, beyond 

20 mo.

In practice, there is physician bias against prescribing ARSIs sequentially because of 

presumed cross-resistance in individual patients. We observed that the interaction between 

prior therapy and next therapy chosen was not correlated to OS (Supplementary Fig. 4E; HR 

0.61, 95% CI 0.29–1.3; p = 0.55). This, combined with the similar outcomes seen with both 

drug classes (Fig. 3B), with 66% having received an ARSI as their immediate prior therapy 

(Table 1), argues against the assumption that there can be no benefit from sequential ARSI 

use.

The overlap observed for propensity scores at decision points to assign an ARSI versus 

taxane and for types of patients chosen for each drug class shows that the second line or 

greater treatment decision is challenging, and supports a need for tests to better inform the 

decision. In this context, patients tested positive for AR-V7 across the full range of treatment 

propensities (Fig. 2C), showing that physician assessments of clinical and routine laboratory 

features alone were unable to predict resistance to ARSI, and, by extension, the value of the 

nuclear-localized AR-V7 test in informing this decision.

We evaluated outcomes for patients and associated decisions made at a single site by 

physicians experienced in the care of patients with mCRPC and assessed the additive value 

of a biomarker in this setting. Practice may vary significantly outside such a setting and may 

not use all of the factors included in our models to the same degree to guide treatment 

decisions. Sensitivity analyses with or without these factors to varying degrees still show an 

interaction between AR-V7 and therapy class–specific survival (Supplementary Fig. 4), 

suggesting a degree of broader applicability.

Taken together, the study results show that knowledge of AR-V7 status before making a 

treatment decision for mCRPC in the second line or greater might provide incremental value 

that could result in better survival for patients in need of a new line of therapy. Additional 

biomarkers are still needed to understand why some AR-V7–negative patients do not 

respond to an ARSI and to identify them a priori so that alternative, potentially effective 

treatments can be given. However, the incremental value to clinical decision-making will 

also need to be demonstrated for any such additional biomarkers.
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5. Conclusions

These data support the notion that the nuclear-localized AR-V7 CTC test can improve 

clinical decision-making in choosing between ARSIs and taxanes for progressing mCRPC in 

a real-world setting. The results of our analysis suggest that AR-V7–positive patients would 

experience better survival on taxanes over ARSIs, and AR-V7–negative patients would have 

superior survival if given an ARSI. However, the latter finding is less clear-cut and thus 

individual patient assignment in the AR-V7–negative setting should still be guided by best 

physician judgment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 –. 
CONSORT and treatment diagrams. (A) CONSORT diagram outlining samples used for 

propensity score and risk score generation and subset analyzed. (B) Flow diagram 

illustrating cohort treatment and AR-V7 testing history. The scoring criteria for AR-V7 

positivity were prespecified, and the AR-V7 results were not released to physicians. (C) 

Images of the presence or absence of nuclear-localized AR-V7 protein in circulating tumor 

cells (CTCs).

ARSI = androgen receptor signaling inhibitor; PCWG = Prostate Cancer Clinical Trials 

Working Group.
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Fig. 2 –. 
Factors influencing physician decisions to assign an androgen receptor signaling inhibitor 

(ARSI) or taxane. (A) Factors influencing physician decision to assign ARSI or taxane. 

Arrows indicate the relative odds for taxane use predicted by the model given the condition. 

(B) Distribution of patients by their propensity scores and actual therapy assigned, colored 

by AR-V7 status. Patients with a wide range of propensity to receive either an ARSI or a 

taxane could test positive for AR-V7.

LLN = lower limit of normal; Tx = treatment; ULN = upper limit of normal.
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Fig 3 –. 
Effect of therapy and AR-V7 status on overall survival. (A) Overall survival by drug class 

assigned; physicians were more likely to assign a taxane if the patient’s disease was more 

advanced. (B) Overall survival by drug class after weighting to adjust for physician 

propensity to administer either drug class influenced by pretherapy patient features, 

estimating drug-specific survival if cohort was randomized. (C) Overall survival by drug 

class and AR-V7 status in the context of (B). (D) Interaction multivariable Cox model for 

(C).

ARSI = androgen receptor signaling inhibitor; CI = confidence interval; HR = hazard ratio; 

Tx = treatment.
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Table 1 –

Patient sample demographics and clinical characteristics at the time of blood draw overall and by drug class 

assigned 
a

Overall Pre-ARSI Pre-Taxane p value

Samples (n) 255 132 123

Unique patients (n) 
b 193 124 111

Sampling point, n (%) <0.0001

 Before 2nd-line Tx 100 (39) 74 (56) 26 (21)

 Before 3rd-line Tx 75 (29) 33 (25) 42 (34)

 Before ≥4th-line Tx 80 (31) 25 (19) 55 (45)

Median age at Tx decision, yr (IQR) 69 (62.5–75) 70 (63–77.25) 69 (62–73.5) 0.13

Metastatic sites, n (%)

 Lymph nodes 169 (66) 83 (63) 86 (70) 0.23

 Bone 226 (89) 111 (84) 115(93) 0.018

 Lung 29 (11) 12 (9) 17 (14) 0.23

 Liver 29 (11) 8 (6) 21 (17) 0.0055

Blood analytes, median (IQR)

 Prostate-specific antigen (ng/ml) 50.4 (18.2–211.2) 30.7 (11.6–80.6) 99.4 (28.7–517.1) <0.0001

 Alkaline phosphatase (IU/l) 111 (80–199.5) 97.5 (76–134) 139 (94–233.5) 0.00012

 Lactate dehydrogenase (U/l) 235 (187–294) 211.5 (180.5–264.2) 248 (206–347) 0.0087

 Hemoglobin (g/dl) 11.7 (10.3–12.9) 12 (10.675–13.1) 11.4 (10–12.35) 0.0035

 Albumin (g/dl) 4.2 (4–4.3) 4.2 (4–4.3) 4.2 (3.9–4.3) 0.98

Last prior Tx was ARSI, n (%) 168 (66) 80 (61) 88 (72) 0.066

Pre-Tx clinical data unavailable to physician for AR-V7–positive 
men, n (%)

57 (22) 21 (16) 36 (29) 0.010

ARSI = androgen receptor signaling inhibitor; IQR = interquartile range; Tx = treatment.

a
All percentages are calculated using total number of samples per group as the denominator. Of the 133 samples taken before second-line or later 

treatment with an ARSI, 59 were taken before abiraterone, 66 before enzalutamide, and eight before apalutamide. Of the 123 samples taken before 
second-line or later treatment with a taxane, 85 were taken before docetaxel, 36 before cabazitaxel, and two before paclitaxel.

b
An individual patient could be counted more than once if, during the study, he began more than one course of therapy that was eligible for 

inclusion in the study.
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