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Abstract

Optimizing outcomes in prostate cancer (PCa) requires precision in characterization of disease
status. This effort was directed at developing a PCa extracellular vesicle (EV) Digital Scoring
Assay (DSA) for detecting metastasis and monitoring progression of PCa. PCa EV DSA is
comprised of an EV purification device (i.e., EV Click Chip) and reverse-transcription droplet
digital PCR that quantifies 11 PCa-relevant mRNA in purified PCa-derived EVs. A Met score
was computed for each plasma sample based on the expression of the 11-gene panel using the
weighted Z score method. Under optimized conditions, the EV Click Chips outperformed the
ultracentrifugation or precipitation method of purifying PCa-derived EVs from artificial plasma
samples. Using PCa EV DSA, the Met score distinguished metastatic (n = 20) from localized

PCa (n= 20) with an area under the receiver operating characteristic curve of 0.88 (95% CI:0.78-
0.98). Furthermore, longitudinal analysis of three PCa patients showed the dynamics of the Met
scores reflected clinical behavior even when disease was undetectable by imaging. Overall, a
sensitive PCa EV DSA was developed to identify metastatic PCa and reveal dynamic disease states
noninvasively. This assay may complement current imaging tools and blood-based tests for timely
detection of metastatic progression that can improve care for PCa patients.

Keywords
Prostate cancer; Liquid biopsy; Extracellular vesicle; Metastatic biomarker; Nanotechnology

1. Introduction

In the United States (US), prostate cancer (PCa) is the most common, non-cutaneous, solid
tumor malignancy affecting men. More than 268,490 cases will be diagnosed in 2022. [1]
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PCa is also the second leading cause of cancer-related death in American men and will
claim more than 34,500 lives this year. [1] Advances in PCa care and diagnosis have brought
forward several new tests and interventions including molecular imaging, antibody-targeted
therapeutics, and immune therapies. [2] Additionally, the role of focal therapies has emerged
as a means of controlling limited recurrences in the hope of avoiding protracted toxicity
from systemic therapy. Given the cost and specificity of these treatments, [3] there is a
growing need for simple, rapid, and affordable tests which can help to improve the triage of
diagnostics and therapeutics in the growing pool of patients who need treatment.

This demand has fueled an interest in exploring liquid biopsies that noninvasively provide
molecular insights into the underlying disease. [4] While many have turned to circulating
tumor DNA, [5,6] these approaches are limited to characterization of fragmented DNA [7]
and lack the ability to trace transcriptomic changes which are known to be highly relevant to
the evolution of PCa. [8] Other groups have used various technologies to isolate circulating
tumor cells (CTCs), [9,10] which provide rich genetic information. However, the time and
cost of isolating and preserving the integrity of CTCs are challenging. In addition, clinical
applications are limited due to the rarity of CTCs in relatively early-stage disease.

There has been growing interest in exploring the potential of extracellular vesicles (EVSs) to
address this unmet need. [4] EVs are phospholipid bilayer-enclosed particles released from
both normal and cancer cells into body fluids, e.g., urine and blood. [4] These EVs carry
membrane-bound markers and genetic materials including miRNA, mRNA, and fragments
of DNA inherited from their parental cells. [11] By transferring these biomolecules between
cells, EVs can function as a vehicle for intercellular communication. [11] This process

has also been shown to prime the pre-metastatic niche at distant organs and facilitate the
invasion and dissemination of cancer cells. [4,11] Compared to CTCs, EVs have advantages
in their higher frequency in circulation [12] and the simplicity of sample preservation. [13]
In addition, considering the relatively low rate of DNA mutations and the frequently altered
transcriptomic patterns in PCa [8,14], EV-derived mRNA may provide more biological
information relevant to PCa progression, which may not be obtained from ctDNA. As

such, profiling mRNA in PCa-derived EVs holds great potential for rapid and accurate
characterization of PCa. This approach may offer the opportunity to dynamically monitor
the evolving biology of PCa over its natural history. One major challenge of this approach,
however, is that PCa-derived EVs typically co-exist with those from non-tumor sources,
resulting in complex background signals. [15] Thus, selective purification of PCa-derived
EVs, which constitute only a minor portion of total EVs in plasma samples, is a major
technical barrier.

To overcome this, many efforts have been dedicated to enriching PCa-derived EVs

and analyzing their molecular contents. [16-18] For example, Han et al. introduced an
ultrasensitive DNA tetrahedron-based thermophoretic assay to detect mRNA in PCa-derived
EVs and demonstrated its excellent performance in distinguishing PCa from benign

prostate hyperplasia. [16] Others proposed nanomaterial-based strategies for multiplexed
biodetection of potential biomarkers in cancer-derived EVs. [19-21] Recently, our team
developed a novel microfluidic device coupled with a unique nanosurface (i.e., EV Click
Chip) for purification of tumor-derived EVs. [18] By using reverse transcription-droplet
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digital polymerase chain reaction (RT-ddPCR) for quantification of the disease relevant
mRNAs from purified EVs, we developed an EV Digital Scoring Assay (DSA) (i.e., EV
Click Chip plus RT-ddPCR). This technology was initially applied to the identification

of early-stage hepatocellular carcinoma within a group of cirrhotic patients. [18] With
modifications of this approach, we aimed to apply the EV DSA to PCa and benchmark the
performance of this assay in reflecting the clinical states of patients with PCa.

In this study, we optimized the EV DSA for rapid and sensitive analysis of the mRNA
contents from PCa-derived EVs. The optimized EV DSA outperformed ultracentrifugation
and a commercial EV precipitation assay in purifying PCa-derived EVs. A panel of 11
PCa-relevant mRNA markers was developed through a rigorous screening framework for
specific detection of the underlying PCa in the blood background. Finally, a pilot study with
40 PCa patients showed the ability of this EV DSA to distinguish metastatic from localized
PCa. In an analysis of serial blood samples from 3 patients, changes in the mRNA signatures
detected by the EV DSA associated with clinical behavior observed over the course of
treatment. These findings demonstrated the potential utility of this assay in PCa which may
provide a novel means of interrogating EVs suitable for deployment into the clinical setting
that may be used to improve personalized care.

Results

2.1. Optimization of PCa EV Digital Scoring Assay

As illustrated in Fig. 1, the PCa EV DSA was comprised of two major components:

EV Click Chip for purification of PCa-derived EVs and RT-ddPCR for quantification of

the mRNAs from the purified EVs. Two antibodies were selected for EV Click Chip to
facilitate capture of PCa-derived EVs with high sensitivity and specificity: anti-epithelial
cell adhesion molecule (EpCAM) and anti-prostate-specific membrane antigen (PSMA).
These markers were selected on the basis of their well-characterized and strong expression
on the surface of PCa epithelial cells. [22-25] Avrtificial plasma samples were used (Fig. 2a)
to evaluate the performance of EV Click Chip throughout the optimization process. 22Rv1-
derived EVs spiked into healthy donor plasma were used for assay optimization focusing
on measurements of the AR-V/7transcript, a known androgen receptor variant present in
22Rv1 derived-EVs and absent in healthy donors’ plasma. The counts of AR-V/7transcripts
were used to calculate the EV recovery yield (Fig. 2a). The counts of AR-V/7transcripts in
the artificial plasma samples and the EV Click Chip-purified EVs were labeled as AR-V7
transcriptSpre-purified and AR-V7transcriptsyost-purified, respectively. The EV recovery yield
obtained by EV Click Chips was calculated using the following Eqg. (1): [18].

AR — V7transcripts s puitica
AR — V'Ttranscripts,e_puisica

EV recovery yield = 1)
The optimal concentrations of trans-cyclooctene (TCO)-anti-EpCAM and TCO-anti-PSMA
for PCa DSA were determined by testing the EV recovery yields with a series of different
concentrations of these two antibodies individually. As shown in Fig. 2b & 2c, for a

100-pL artificial plasma sample, optimal EV recovery yields were achieved using 25 ng for
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TCO-anti-EpCAM and TCO-anti-PSMA, respectively. EV recovery yield was substantially
higher with the combination of TCO-anti-EpCAM and TCO-anti-PSMA at their optimal
concentrations as compared to individual antibody (TCO-anti-EpCAM, P = 0.006; TCO-
anti-PSMA, P=0.002, Fig. 2d).

Using this dual capture antibody combination and the optimized assay parameters from

our previous study, [18] the dynamic range of capture performance of EV Click Chip was
investigated using artificial plasma samples spiked with different amount of 22Rv1-derived
EVs containing 0-5000 AR-V/7transcripts in a 500-puL volume. Our results demonstrated
consistent capture (Fig. 2e) across a wide range of concentration of artificial plasma
samples. In addition, the results confirmed the linearity of the EV recovery yields by EV
Click Chip (y = 0.74x, 2= 0.99, Fig. 2f). Consistency in the triplicate measurements of

the capture performance revealed the high precision of the optimized assay (Supplementary
Table 1). We also demonstrated high purity (90.38%) of the captured EVs by EV Click Chip
(see Supplementary Methods for measurement and calculation of purity).

Lastly, we compared the EV recovery yields between the optimized EV Click Chip,
ultracentrifugation, and ExoQuick® ULTRA EV Isolation Kit for Serum and Plasma (a
commercially available assay). All artificial plasma samples were analyzed in triplicate. The
EV recovery yield of the optimized EV Click Chip (92.5 = 5.4%; Fig. 2g) was significantly
higher than those from ultracentrifugation (41.0 + 3.2%: P< 0.001) and the ExoQuick® EV
isolation methods (34.9 + 2.2%; £< 0.001).

Characterization of EVs was carried following guidelines from the International Society

for Extracellular Vesicles (ISEV). [26] The morphologies of the 22Rv1-derived EVs before
capture, the EVs captured on EV Click Chip, and the EVs released from EV Click Chip
were characterized by transmission electron microscopy (TEM; Supplementary Figure

1a, 1b, and 1c). The size of 22Rv1-derived EVs used for optimization ranged from

30 to 450 nm in diameter with a mean of 186.3 nm by nanoparticle tracking analysis

(NTA; Supplementary Figure 1d). Size distribution and intactness of EVs were not altered
during purification. This was consistent with the findings from our previous study. [18]
(Supplementary Figure 1d). Western blot analysis showed the presence of epithelial tissue
specific transmembrane protein EpCAM (MISEV2018 [26] Category 1) and cytosolic
protein Annexin V (Category 2), as well as the absence of non-EV co-isolated structures
apolipoprotein APOA1 (Category 3) and intracellular mitochondria cytochrome C (Category
4) in LNCaP-derived EVs and artificial PCa plasma samples purified by EV Click Chips
(Supplementary Figure 1e). Both immunocapture markers i.e., EpCAM and PSMA were
identified on the LNCaP-derived EVs before and after purification. None of the above
markers were detected in male healthy donor plasma purified by EV Click Chip, confirming
the specificity of EV Click Chip for capturing EpCAM and PSMA positive EVs. LNCaP
cell lysate and healthy donor plasma were analyzed in parallel as positive controls for these
markers.

2.2. Development and validation of a panel of 11 PCa-relevant genes

After the optimization of PCa-derived EV purification, a panel of mMRNA markers reflecting
the underlying malignancy was developed. The selection framework for these genes is

Nano Today. Author manuscript; available in PMC 2023 February 01.
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shown in the Fig. 3a. First, to ensure the markers were highly specific to prostate rather than
other tissues, 120 candidate genes were nominated on the basis of elevated expression in
prostatic epithelium in contrast to 36 other tissues in The Tissue Atlas of The Human Protein
Atlas. [27,28] Eight genes specific to prostate tissue were selected by applying a threshold of
a greater than 5-fold change when comparing prostate and non-prostate tissues. In parallel,
to incorporate markers associated with metastatic PCa, the gene set from Miyamoto et al.
[29] was considered given its use in a PCa liquid biopsy setting as blood-based biomarkers
for detection of disseminated PCa. The six top expressed genes in their dataset (GEO
GSEG67980) were incorporated into the final panel. As 3 genes overlapped between the above
gene sets, this process yielded 11 PCa-relevant genes, including ACP3, FOLHI1, HOXB13,
KLK2, KLK3, KLK4, MSMB, RLN1, SLC45A3, STEAPZ, and TMPRSSZ (Supplementary
Table 2). Since the majority of the background EVs circulating in cancer patient’s blood
originated from immune cells, [30] it was crucial to ensure the selected genes are expressed
at low levels in immune cells to minimize background noise. The expression level of these
11 genes was further evaluated in PCa tissues (from The Cancer Genome Atlas [TCGA]),

[8] PCa cell lines (from Cancer Cell Line Encyclopedia [CCLE]), [31] and immune cells
(from Differentiation MAP [DMAP]), [32] As shown in Fig. 3b, these 11 genes were highly
expressed in PCa tissues and PCa cell lines, while lowly expressed in immune cells (P<
0.001, respectively), making them potential PCa markers for a blood-based assay.

Performance of the 11-gene panel in PCa cell line-derived EVs

Primers and probes for these 11 genes were validated using RT-ddPCR to confirm specificity
(Fig. 4a). Strong signals were detected in PCa cells while no signal was detected in white
blood cells (WBCs) from a male healthy donor. To ensure that these genes were also
expressed in PCa-derived EVs with limited expression in background EVs on EV Click
Chip, the following were tested: (1) PCa cell line-derived EVs without purification of EV
Click Chip, (2) PCa cell line-derived EVs purified from artificial plasma samples by EV
Click Chip, and (3) EVs isolated from a male healthy donor’s plasma by EV Click Chip
(Fig. 4b). Compared to the strong signals in PCa cell line-derived EVs, no signals were
detected in healthy donor’s EVs with the exception of low RLA/Z. In addition, similar
expression profiles were observed in PCa cell line-derived EVs before and after purification,
which indicated that the mRNA components were not affected by the purification process.
Finally, we compared the expression of the 11 genes in PCa cells and their derived EVs.
There was a high correlation in gene expression patterns between EVs and their parental
cells (LNCaP, r=0.95, P<0.001; C4-2B, r=0.74, P=0.01; 22Rv1, r=0.89, £< 0.001).
These findings point to the utility of these 11 genes in the context of the EV DSA.

2.4. Met scores for differentiating metastatic from localized PCa

Having validated the panel and PCa EV DSA on artificial samples, we designed a pilot
study to benchmark the performance of this assay on clinical samples (Fig. 5a). For this pilot
study, plasma samples from two groups of patients were utilized: (1) localized PCa (n=

20); (2) metastatic PCa (n7= 20). Demographic and clinical information of the patients are
presented in Table 1.
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Expression of the 11 genes from the PCa EV DSA is shown as a heatmap in Fig.

5b with log,-transformed transcript counts. A Met score for each patient sample was
calculated using the weighted Z score method based on the 11-gene signature. [33]

As shown in Fig. 5c, the Met scores of metastatic PCa samples were significantly

higher (P< 0.001) than those from patients with localized PCa. Receiver operating
characteristic (ROC) analysis further confirmed the ability of the Met score to distinguish
metastatic PCa from localized PCa with an area under the ROC curve (AUROC) of

0.88 (95% CI1=0.78-0.98; sensitivity=85%, specificity=75%; Fig. 5d) at the optimal

cutoff of — 0.30, which significantly surpassed the predictive power of serum prostate-
specific antigen (PSA) concentration (AUROC=0.64, 95% C1=0.45-0.84, A= 0.03,;
sensitivity=65%, specificity=75%) at the cutoff of 10.25 ng/mL. The addition of PSA to
Met score did not increase the predictive power (AUROC=0.89, 95% C1=0.79-0.99, P=
0.46; sensitivity=85%, specificity=75%). To investigate the performance of each gene in
discriminating metastatic from localized PCa, a Met score was calculated for each individual
gene and ROC analyses were performed. Among the 11 genes, the ROC analyses for RLN,
SLC45A3 and ACP3were statistically significant when being considered as sole predictors
for metastatic PCa (Supplementary Figure 2). While FOLHI (PSMA)and STEAPZ2 were
exclusively seen in EVs from metastatic PCa, their discriminatory power did not meet
statistical significance in our limited samples.

To consider the impact of multiple tumor features (macroscopic and microscopic) on

the Met scores, a subgroup analysis was conducted. The Met scores calculated from

the 11-gene panel did not show a strong correlation with T stage or Gleason score
(Supplementary Figure 3a and 3b). No association was identified between Met scores and
tumor volume/mass determined at the final pathologic evaluation of radical prostatectomy
(Supplementary Figure 3c and 3d). On the other hand, among patients with metastatic PCa,
the Met scores were significantly higher in metastatic castration-resistant prostate cancer
(mCRPC) than those in metastatic castration-sensitive prostate cancer (mCSPC) (P = 0.04,
Supplementary Figure 3e). Lastly, we found the Met scores were not associated with serum
PSA concentration in both localized and metastatic PCa (Supplementary Figure 3f and 3g).

Dynamic performance of the PCa EV Digital Scoring Assay

As noted above, an advantage of blood-based biomarker assays is the capacity to examine
the changes in information in the face of clinical events of importance over time. To
illustrate the dynamic performance of this assay, we analyzed selected samples from three
patients in our cohort over the course of their treatment.

Case A. (Fig. 6a): This was a patient with a pT3bNO Gleason 3 + 4 PCa who experienced

a persistent PSA elevation following radical prostatectomy. Conventional imaging identified
an isolated metastasis to the right iliac bone that was treated with metastasis directed
radiotherapy without treating the prostatic fossa. After the treatment, his disease became
quiescent by biochemical and radiographic surveillance for four years. At this timepoint of
low and stable disease burden, his Met score was also the lowest compared to subsequent
blood draws. The patient was noted to have a rising serum PSA concentration four

years post-prostatectomy and finally had a $8Ga-PSMA positron emission tomography and
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computed tomography (PET/CT) when his serum PSA concentration rose to 1.4 ng/mL. The
PET/CT identified an L4 lesion and periaortic lymph nodes suited for metastasis directed
radiotherapy. Two blood draws during this progression phase revealed a consecutive increase
of Met score, corresponding to a continuous increase of disease burden and/or activity
clinically.

This patient declined castration therapy and opted for radiation to the metastatic lesion. He
did not experience a decline in his serum PSA concentration following radiation but did have
a %8Ga-PSMA PET/CT that no longer showed the L4 lesion or the nodes. The Met score
after the treatment remained stable, which was commensurate with the clinical picture. The
lack of benefit from focal treatment was further confirmed by the emergence of a new rib
metastasis emerging on CT and bone scan one year later.

In this clinical case, the Met score reflected the increase of disease burden and their lack of
response to focal treatment. Of note, the Met score detected the progression of disease when
the disease burden was below the limits of detection even with PSMA PET/CT.

IQR, interquartile range; PCa, prostate cancer; PSA, prostate-specific antigen.

Case B. (Fig. 6b): This patient presented with biochemical recurrence after radical
prostatectomy followed by salvage radiotherapy. His serum PSA concentration rose to 6.4
ng/mL. While conventional CT and bone scans failed to identify metastatic deposits, a 58Ga-
PSMA-PET/CT identified multiple retroperitoneal lymph nodes and an osseous metastasis
at L4. His pattern of spread was deemed as not appropriate for focal therapy. As such,
intensified androgen deprivation therapy (ADT) was initiated. His serum PSA declined and
has now been undetectable.

In this case, conventional imaging failed to detect the metastatic disease and was not
informative in monitoring the patient’s response, whereas the Met score decreased after the
initiation of medical castration which mirrored his clinical status.

Case C. (Fig. 6¢): This patient presented with advanced, metastatic prostate cancer with

a serum PSA concentration in excess of 2000 ng/mL. Imaging showed diffuse bone
metastases. As such, the patient was started on intensified ADT with abiraterone acetate

and prednisone. He had a favorable biochemical and clinical response. Two years after
starting the therapy, he presented with acute back pain and upper extremity weakness.
Though his PSA remained stable, imaging showed a new lesion at T7 and in the right

tibia noted as concerning for metastatic progression. Due to the neurologic symptoms, a
magnetic resonance imaging (MRI) of the spine was obtained and was read as suspicious for
a metastatic lesion. The clinical picture raised concerns for neuroendocrine transformation
and progression. Upon referral to neurosurgery, the diagnosis was changed to compression
fracture resulting from drug-induced osteoporosis. Radiographs of the tibia showed no
correlation with the bone scan- i.e., no fracture or sclerosis to indicate metastatic disease.
With conservative measures, the patient’s symptoms abated. He has remained clinically well
for an additional one year and continues therapy.

Nano Today. Author manuscript; available in PMC 2023 February 01.
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Four serial blood samples were evaluated by PCa EV DSA. The first two bloods were drawn
while his disease was responding to intensified ADT very well. The last two bloods were
drawn after the new suspicious lesions emerged. Met scores of across these four blood
samples remained stable regardless of the emergence of new lesions. This case demonstrated
the assay was capable of clarifying progression from non-progression events detected by
radiographs that could have resulted in dramatically different courses of clinical action —in
this case, chemotherapy for progression versus bone modifying agents for osteoporosis.

3. Discussion

In the current study, we have presented the development of a PCa EV DSA, which
combines Click Chip technology for purification of PCa-derived EVs with RT-ddPCR

for quantification of the disease-relevant mMRNAs. In parallel, an 11-gene mRNA panel
associated with the underlying PCa was generated through a rigorous selection process (Fig.
1). Using this approach, the Met scores calculated from the expression of the 11 genes had
the capacity to distinguish metastatic from localized PCa. Finally, in the presented cases, the
changes in the Met scores reflected the changes in disease burden in the face of treatment
over its course. This points toward the potential for using this assay to monitor PCa over its
disease course.

Blood-based testing has been an important part of PCa clinical care. Since its introduction
in the 1980 s, serum PSA measurements have become widely used and have played an
important role in advancing the field. [34] It is clear, however, to all practitioners that
there are important limitations to the value of this approach. PSA measurements have not
been highly accurate as a means of identifying metastatic disease. [35] As a particular
example, in the setting of biochemical recurrence following radical prostatectomy, absolute
PSA concentration can help risk stratify patients for benefit from salvage radiotherapy,

but it cannot be used to identify patients with disease beyond a standard radiation port
who are likely to progress through standard salvage radiotherapy. [36] Moreover, while
changes in PSA in an individual patient are useful, there is a significant variation in the
rate of PSA secretion from prostatic tissues that can obscure the clinical picture. For
example, it is recognized that irritation of the prostate gland can lead to elevated serum
PSA concentrations not related to cancer. [37] Conversely, anaplastic variants of PCa often
produce lower amounts of PSA than more typical acinar adenocarcinomas. [38] As such,
there remains a need for a non-PSA based means of assessing disease behavior that can be
used to address these clinical scenarios.

The utility of EV transcripts enriched from urine as a noninvasive diagnostic biomarker for
detecting high-risk PCa has been investigated over the past decade. [39,40] By measuring
PCA3and ERG transcripts, the ExoDx Prostate (IntelliScore) (EPI) test can noninvasively
detect high-grade (Gleason score =7) PCa and has been used to help minimize biopsies
among patients who likely only have low-grade disease. [39,40] In contrast to numerous
urine-based EV-mRNA studies in this field, to our knowledge, few blood-based studies
investigated the association between EV-mRNA and the disease behavior of PCa. Reported
studies placed emphasis on the prognostic role of AR-V/7and identified castration-resistant
PCa patients with AR-V7in EVs as at risk for disease progression and poor survival. [41-
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43] While these existing EV assays focus on only one or two transcripts within a single
stage of PCa, the clinical relevance and significance of mRNA in EVs have not been widely
elucidated across the broad spectrum of PCa despite the growing understanding of aberrant
transcription in PCa evolution. [8,44] As such, there has remained a need for an EV assay
profiling a panel of multiple PCa-relevant mMRNAs with the potential for reflecting the
disease state of PCa patients and their evolving biology.

As demonstrated in our previous study, EV Click Chips allow for rapid purification of
tumor-derived EVs. [18] Integration of the nanosubstrate-surface, dual-antibody capture,
and click chemistry-mediated EV capture/release process not only enhanced purification
efficiency of PCa-derived EVs, but also minimized nonspecific binding of particles from the
background. [18] It is worthy to note that after optimization, EV Click Chip outperformed
ultracentrifugation and commercial ExoQuick Assay in specific purification of PCa-derived
EVs. This underscores its advantage in extraction of PCa-specific information from small
volumes of patient plasma. In addition, the use of RT-ddPCR further allows for absolute
quantification of mMRNA transcripts, reducing bias when measuring signals from rare
vesicles. [45] Lastly, we successfully applied the established EV DSA [18] to PCa,
indicating this assay can be rapidly adapted to different diseases and clinical settings.

In our analysis of clinical samples, the mRNA contents of PCa-derived EV were profiled
using PCa EV DSA for a cohort of patients with differing states across the disease spectrum
of PCa. With 40 patients being profiled, we noted that Met scores were significantly higher
in metastatic patients than in localized patients. This may be attributed to increased EV
shedding [46] and alteration in mMRNA contents during metastatic progression. Interestingly,
we observed that FOLH1 (PSMA) and STEAP2were exclusively found in EVs from
metastatic PCa. Others have reported that FOLHI (PSMA) and STEAPZ are overexpressed
in aggressive PCa cells and tissues. Several studies have also pointed to their roles in
promoting angiogenesis, migration, and invasion. [47-49] Our observation highlights the
performance of Met scores as means of describing the expression pattern of the 11-gene
panel. This approach outperformed individual genes in distinguishing the disease states. In
addition, it is important to note that the genes in this panel are involved in multiple pathways
associated with PCa progression in addition to androgen receptor signaling. This is also
supported by the fact that the Met score was not correlated with serum PSA concentrations
in both localized and metastatic PCa patients. This underscores that our approach provides
information reflecting PCa disease status that is independent of serum PSA measurements.
Overall, our study demonstrated significant changes in gene expression identified from
tumor-derived EVs across different stages of PCa. Further investigations are warranted to
explore the biological roles of this expression signature in EVs of metastatic PCa.

To further explore the dynamic change of EV-based signatures over the course of disease
evolution, we performed analyses of specimens collected over time and across therapies for
given patients. The presented cases illustrate the dynamic performance of the PCa EV DSA
in the clinical setting.

The first case (Fig. 6a) showed the Met score accords with the persistent increase of
micro-metastatic disease below the PET-detection threshold that blossomed into metastatic
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lesions one year later. This points toward the ability of this assay to detect molecular
signals from microscopic deposits of disease which even the PSMA-PET imaging could

not identify. Detection of micro-metastatic disease is still a critical unmet need in PCa.
Patients with micro-metastatic disease would not benefit from the focal therapy including
salvage radiotherapy and metastasis-directed therapy due to the presence of disease outside
of treated areas, as shown in this case. The development of a test with sensitivity beyond the
current imaging modalities will greatly improve shared-decision making around these focal
treatments to optimize outcomes and quality of life.

In the second case (Fig. 6b), the initial high Met score reflected his metastatic disease
detected by PSMA-PET/CT, which is in line with our findings that metastatic PCa patients
have higher Met scores (Fig. 5¢). In addition, the Met score decreased in response to
intensified ADT which was also reflected by a decrease in serum PSA concentration and
improvement in imaging. This was consistent with our observation that the Met scores

of mCSPC patients responding to intensified ADT were lower than those of mMCRPC
patients progressing under ADT (Supplementary Figure 3e). As many genes in our panel

are regulated by androgen receptor activation, [50] we posited that the Met score may reflect
the effect of the overall clinical effect of androgen suppression. Further studies that explore
the Met score as a biomarker for hormonal responsiveness of PCa are ongoing.

Pathologic fracture due to bone metastasis of PCa can be challenging to distinguish from
compression fracture as a result of osteoporosis due to long-term use of ADT. In the third
case (Fig. 6¢), the PCa EV DSA accurately indicated the 9°Tc-bone scan finding was

not caused by PCa metastasis. This identification of the cause of the lesion can result in
dramatically different clinical action on whether to initiate the next line of PCa treatment. In
conclusion, this vignette illustrates the utility of this assay to provide PCa-specific molecular
information as an adjunct to imaging.

We do recognize that there are limitations to the study as presented. First, due to the lack

of comprehensive PCa EV-derived mRNA data in the current scientific literature or publicly
available databases, the genes selected for the initial assay were selected from tissue-based
datasets. These may not provide the most suitable candidates for an EV-based study. Thus,
we conducted a PCa cell line-derived EV interrogation to confirm the applicability of this
gene panel in EVs. As the knowledge of EV cargo continues to evolve, this assay can be
easily adapted using alternative genes to identify and reflect specific changes of disease
biology- particularly those that may aid in optimizing selection of therapies. Second, the
pilot study was a small, single-center experience. This limits the correlation of Met scores
with more clinical parameters. However, the results confirm the value and clinical utility

of this novel approach—profiling PCa relevant EV-mRNA to depict metastatic status of

PCa patients and dynamic change of their underlying PCa. Recent studies [51-53] have
demonstrated that machine learning approaches combined with CTC- or EV-based liquid
biopsies significantly enhanced sensitivity and specificity for disease detection. Larger
cohorts combined with advanced machine learning approaches are warranted for further
validating the precision, accuracy, and clinical performance of this assay. Given the stability
of EVs in frozen plasma and the rapid processing afforded by the PCa EV DSA, this system
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is ready for deployment in both current and historic PCa clinical studies to validate the
EV-mRNA signatures as biomarkers for disease monitoring.

4. Conclusions

In summary, we developed a novel PCa EV DSA to characterize variations in gene
expression within EVs across a spectrum of PCa patients. To our knowledge, this is the

first study demonstrating that EV-derived mRNAs can reflect the dynamics of the biological
processes correlating to the clinical behavior of PCa. Our results warrant additional
validation studies of the PCa EV DSA in a larger, multicenter cohort to facilitate its
application in clinical settings. Finally, this assay may offer the opportunity to complement
current tools including imaging and PSA to provide greater insights into the active biology
of an underlying PCa for better personalized care.

5. Materials and methods

5.1. Cell culture

22Rv1 (ATCC CRL-2505) and LNCaP (ATCC CRL-1740) cells were purchased from
American Type Culture Collection. C4-2B cells were generously provided by Dr. Leland
W. K. Chung. Cells were cultured in RPMI 1640 media (catalog# 10040CV, Thermo Fisher
Scientific, USA) with 10% fetal bovine serum and 100 U mL™1 penicillin-streptomycin in

a humidified incubator with 5% CO,. To harvest the PCa cell line-derived EVs, cells were
grown to 70% confluency in 18 Nunc™ EasYDish™ Dishes (145 cm?, catalog# 150468,
Thermo Fisher Scientific, USA) and incubated in serum-free media for 24-48 h. The serum-
free media was then collected for harvesting cell line-derived EVs.

5.2. Harvest of PCa cell line-derived EVs by ultracentrifugation

The collected serum-free media incubated with 22Rv1, C4-2B, and LNCaP cells was first
centrifuged at 300 g (4 °C) for 5 min three times and then centrifuged at 2800 g (4 °C)

for 10 min to remove cells and cell debris, Afterwards, the supernatant was transferred to
Open-Top Thinwall Ultra-Clear Tubes (catalog# 344058, Beckman Coulter, Inc., USA), and
ultracentrifuged at 100,000 g (4 °C) for 70 min using SW 32 Ti rotor and Optima L-100

XP Ultracentrifuge (Beckman Coulter, Inc., USA). Finally, the pelleted PCa cell line-derived
EVs were resuspended with 200-uL ice-cold PBS and collected.

5.3. Preparation of artificial PCa plasma samples

To prepare the artificial plasma samples mimicking plasma samples collected from PCa
patients, a 50-puL aliquot of EVs derived from LNCaP cells was spiked into 200-uL male
healthy donors’ plasma. This was used for western blot characterization of PCa EVs
throughout the purification process by EV Click Chip. Ten pL aliquots of EV pellets derived
from 22Rv1, C4-2B, and LNCaP cells, respectively, were spiked into 90-uL of male healthy
donors’ plasma. These were used for optimization of the purification of PCa-derived EVs
and validation of the 11-gene panel.
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5.4. Purification of EVs from artificial plasma sample

Artificial plasma was centrifuged at 10,0009 for 10 min to remove cell debris before EV
purification. EV purification using an ExoQuick® ULTRA EV Isolation Kit for Serum and
Plasma (category# EQULTRA-20A-1, System Biosciences, USA) was carried out per the
manufacturer’s protocol. Ultracentrifugation was performed at 100,000 g (4 °C) for 70 min
using an SW 32 Ti rotor and Optima L-100 XP Ultracentrifuge (Beckman Coulter, Inc.,
USA).

5.5. PCa EV Digital Scoring Assay

PCa EV Digital Scoring Assay is comprised of two major components: (1) EV Click Chip
for purifying PCa-derived EVs from plasma samples, and (2) RT-ddPCR for quantifying
mMRNA markers from the purified PCa-derived EVs.

EV Click chip is a nanostructured microfluidic chip utilizing both immunoaffinity and click
chemistry to purify the tumor-derived EVs. [18] The following three major approaches were
integrated to purify EVs: (1) nanostructured substrates, (2) microfluidic chaotic mixers, and
(3) covalent chemistry-mediated EV capture/release.

First, the densely packed silicon nanowires substrates (SINWS) of EV Click Chip
substantially increase the chip surface area interacting with EVs. [18] In addition, EV

Click Chip’s microfluidic chaotic mixer enhances repeated physical contact between the
flow-through tumor-derived EVs and SINWS. [18] These two structures work synergically
to increase the capture efficiency of EVs onto the chip. Second, a pair of click chemistry
motifs, i.e., tetrazine (TZz) and trans-cyclooctene (TCO), are conjugated onto SINWS

and capture antibodies (anti-EpCAM and anti-PSMA), respectively. Plasma samples are
incubated with the TCO-grafted antibodies to label prostate cancer (PCa)-derived EVs. Once
plasma samples are introduced to EV Click Chips, the click chemistry reaction between
Tz-conjugated SiINWS and TCO-conjugated PCa-derived EVs is extremely fast, selective,
irreversible, and bioorthogonal, [54] resulting in immobilization of the PCa-derived EVs
onto the chip surface. Subsequent exposure to a disulfide bonds reducing agent, 1,4-
dithiothreitol (DTT) [55] leads to the specific release of the PCa-derived EVs from the
SINWS by cleaving the embedded disulfide bond between captured PCa-derived EV and

EV Click Chip, which further increases the purity of the harvested EVs. Further detailed
mechanisms and complete protocol of EV Digital Scoring Assay (DSA) have been described
in our previous study. [18].

5.5.1. Preparation of TCO-antibody conjugates—For capturing PCa-derived EVs,
TCO-antibody conjugates (i.e., TCO-anti-EpCAM and TCO-anti-PSMA) were prepared as
described below. Goat anti-human EpCAM (catalog#AF960, R&D Systems, Inc., USA)
and sheep anti-human PSMA (catalog#AF4234, R&D Systems, Inc., USA) antibodies were
incubated with TCO-PEG4-NHS ester (catalog# A137-2, Click Chemistry Tools, USA) in
phosphate-buffered saline (PBS) at room temperature for 30 min. All the TCO-antibody
conjugates were freshly prepared just prior to use.
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5.5.2. EV Click Chip for purification of PCa-derived EVs—First, the artificial
plasma samples were incubated with individual capture TCO-antibody (5, 25, 50, 100 ng
TCO-anti-EpCAM and TCO-anti-PSMA, respectively, per 100 pL artificial plasma samples,
Fig. 2b—c) or dual capture TCO-antibody combination (25 ng TCO-anti-EpCAM and 25

ng TCO-anti-PSMA per 100 pL artificial plasma samples, Fig. 2d) for 30 min at room
temperature to determine and validate the optimal concentrations of capture TCO-antibodies
for EV Click Chips. The optimal dual capture TCO-antibody combination (25 ng TCO-anti-
EpCAM and 25 ng TCO-anti-PSMA per 100 pL plasma samples) was used for clinical
plasma samples in the subsequent clinical study. Second, after incubation with individual
capture TCO-antibody or dual capture TCO-antibody combination, the artificial plasma
samples or clinical plasma samples were then introduced into the tetrazine (Tz)-grafted EV
Click Chip microfluidic devices, where the PCa-derived EVs in the plasma samples were
rapidly and irreversibly captured through the click reaction between TCO and Tz. Third, to
release these PCa-derived EVs from the chips, 100 pL 1,4-dithiothreitol (DTT) (50 mM)
was injected into EV Click Chips at the flow rate of 1.0 mL/h to cleave the embedded
disulfide bonds linking the PCa-derived EVs and EV Click Chip. Lastly, the released EVs
were collected and DTT was removed before the subsequent RNA extraction process.

5.5.3. RT-ddPCR for quantification of mMRNA markers from the purified PCa-
derived EVs—After the removal of DTT, these purified PCa-derived EV's were then lysed
with 700 pL QIlAzol Lysis Reagent (catalog#79306, Qiagen, USA). RNA extraction and
subsequent cDNA conversion were conducted using miRNeasy Micro Kits (catalog#217084,
Qiagen, USA) and Maxima H Minus First Strand cDNA Synthesis Kits (catalog#K1652,
Thermo Scientific, USA), respectively, according to the manufacturer’s instructions. The
resultant cDNA was aliquoted into 6 portions for the quantification of the 11 genes

by duplex ddPCR on a QX200 Droplet Digital PCR System (catalog#1864001, Bio-Rad
Laboratories, Inc.) according to the manufacturer’s instructions. Information on primers and
probes (catalog#4331182, #4448489, Thermo Scientific, USA) used for each tested gene

in the RT-ddPCR assay is provided in Supplementary Table 3. The transcript copies of

each gene were calculated based on the counts of positive droplets using the QuantaSoft™
software.

5.6. Characterization of EV before and after purification

5.7.

Characterization of EVs before and after purification was carried out following the
recommendations of the International Society for Extracellular Vesicles (ISEV). [26] In
brief, nanoparticle tracking analysis (NTA), western blotting analysis, and transmission
electron microscopy (TEM) were conducted. Detailed descriptions of the steps for NTA,
western blotting, and TEM are provided in the Supplementary Methods.

Enrollment of PCa patients

All the participants in this study were enrolled in Cedars-Sinai Medical Center (CSMC)
Institutional Review Board (IRB)-approved protocols (IRB #Pro00042197, #Pro00033050,
#Pro00051931). Samples were collected only after the participants provided written
informed consent. The samples utilized in this study were collected between January 2016
- December 2020. We included two groups of PCa patients (localized PCa [7= 20] and
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metastatic PCa [#7= 20]) with a pathologically proven diagnosis of prostate adenocarcinoma
for clinical validation of PCa EV DSA: (1) Patients with clinically localized PCa were
defined as who are on active surveillance or prior to radical prostatectomy (prostate

intact) without any evidence of cancer metastasis either on next-generation imaging (PSMA
PET/CT, %8Ga or 18F-based) or conventional radiographs (CT/MRI, 99Tc-single-photon
emission computed tomography [SPECT] bone scan). (2) Patients with metastatic PCa were
defined as who had metastatic PCa detected by conventional radiographs. Additionally, three
PCa patients with serial blood collections over the course of their natural history were
included to evaluate the dynamic performance of PCa EV DSA. For patients classified

by PSMA PET/CT, a metastatic lesion was defined by the presence of a PET-detectable
lesion with an uptake greater than background and an SUV minimum of 10. This was
consistent with previous studies utilizing PSMA PET as a screening modality for detection
of metastatic disease.

5.8. Clinical blood sample processing

Peripheral venous blood samples were collected from PCa patients or healthy donors

in a BD Vacutainer glass tube (BD, USA) with acid citrate dextrose at CSMC. Blood
samples were sequentially centrifuged at 530 g for 10 min and then 4600 g for 10 min

to collect plasma within 4 h of collection. Plasma samples were stored at — 80 °C and
thawed immediately in a 37 °C water bath before use. After thawed, plasma samples were
centrifuged at 10,0009 for 10 min before running through the PCa EV DSA described above.

5.9. Statistical analysis

To assess the linearity of the EV recovery yields in artificial plasma samples by the PCa
DSA, linear regression analysis was performed to calculate the slope and coefficient of
determination (/). During the optimization process of PCa EV DSA, EV recovery yields
were expressed as Mean + standard deviation. Significant differences between different
purification methods were evaluated using two sample ftest.

Percentiles of the expression of the 11 selected genes in primary PCa tissues (from The
Cancer Genome Atlas [TCGA]), [8] PCa cell lines (from Cancer Cell Line Encyclopedia
[CCLEY]), [31] and immune cells (from Differentiation MAP dataset [DMAP]) [32] were
compared using the Wilcoxon rank-sum test. The correlation of the expression of the
selected genes between PCa cell lines and their derived EVs was computed as Pearson’s
correlation coefficient.

The Met score of the selected 11 genes, which represents the likelihood estimate of 11-gene
upregulation, was computed from the mRNA expression of these genes using a weighted Z
score method. [33] After the median centering of expression data across the samples, Met
scores were computed by the error-weighted mean of the expression values of the 11 genes
in a sample. Briefly, for each sample, if Mean(sig) and Mean(all) are the mean expression of
the genes in the signature and all the genes in the genome, respectively, and o is the standard
deviation of all the genes, then the Met score used to measure the relative expression level of
the signature in the patient sample is calculated as below:
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(Mean(sig) — Mean(all)) x\/ﬁ
o

Met score =

where nis the number of genes in signature. The value of Met score is represented in units
of standard deviation, which measures the differences between the gene expression of the
signatures and those from the genome. We also assume that the mean of all the genes in
the genome follows standard normal distribution with median-centered data, which is zero.
A positive value of Met score from a patient sample indicates collective upregulation of
the genes in the signature, while a negative value suggests collective downregulation. The
magnitude of the Met score represents the degree of upregulation or downregulation.

ROC curve analysis was used to evaluate the performance of Met score and PSA
concentration, respectively, focusing on the capability of each to distinguish localized

PCa from metastatic PCa. Youden’s index was used to identify the optimal cutoff of Met
score and PSA concentration. The AUROC between Met score and PSA concentration was
compared using the paired DeLong’s test. Pearson’s correlation coefficients were computed
for correlation between Met score and continuous variables. A Mann—Whitney U test was
used to compare the differences of Met score between categorical variables.

To assess statistical power of 40 samples in this pilot study, we performed a power analysis.
Briefly, the chance of having a type | error (i.e., false negative) is less than 0.001 in this
pilot study consisting of 40 patients. In addition, the sample size of 20 for each group
provides 0.998 power for discriminating localized from metastatic patients using a one-sided
two-sample t-test, type | error (a) of 0.05. This high power suggests the probability of
having a type Il error (i.e., false positive) is only 0.002.

All statistical analyses were performed using R statistical software (version 4.1.0; R
Foundation, Vienna, Austria), GraphPad Prism (version 9.2.0; GraphPad Software, Inc.,
CA, USA), and MATLAB (Mathworks, Natick, MA, USA) with two-sided tests and a
significance level of 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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PCa EV Digital Scoring Assay to quantify 11 PCa-relevant mRNA markers
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PCaEV Digital Scoring Assay is comprised of two major components: (1) EV Click Chip
for purifying PCa-derived EVs from plasma samples, and (2) RT-ddPCR for quantifying
MRNA markers from the purified PCa-derived EVs. In parallel, a panel of 11 PCa-relevant
genes, comprised of tissue-based prostate markers and blood-based PCa markers, was
adopted to reflect disease state. EV, extracellular vesicle; PCa, prostate cancer; RT-ddPCR,
reverse transcription-droplet digital polymerase chain reaction.
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Fig. 2. Optimization of capture antibody and EV Click Chip using artificial PCa EV samples.
(a) Schematic workflow of a quantitative method to evaluate the performance of EV

Click Chip. Artificial plasma samples were prepared by spiking 22Rv1-derived EVs into
the plasma from a male healthy donor. EV Click Chips were utilized to purify 22Rv1-
derived EVs and RT-ddPCR was applied to quantify the AR-V/7transcripts in the purified
EVs to obtain the recovery yield. (b-c) Recovery yields observed for EV Click Chip at
different concentrations of TCO-anti-EpCAM and TCO-anti-PSMA. Data are presented as
means + SD of three independent assays. *Indicates the concentration selected for further
optimization studies. (d) The recovery yields observed in the presence of individual and
dual antibodies, i.e., TCO-anti-EpCAM, TCO-anti-PSMA, and combination of the two
antibodies. Data are presented as means + SD of three independent assays. (€) Capture
performance of EV Click Chip using artificial sample containing 0-5000 AR-V/7transcripts
per 500-pL volume. (f) Dynamic linearity range of the recovery yields observed for

EV Click Chip across artificial sample containing 0-5000 AR-V/7transcripts. (g) The
recovery yields observed for optimized EV Click Chip, ExoQuick® ULTRA EV isolation
kit and ultracentrifugation. Data are presented as means = SD of three independent assays.
EpCAM, epithelial cell adhesion molecule; EV, extracellular vesicle; PCa, prostate cancer;
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PSMA, prostate-specific membrane antigen; RT-ddPCR, reverse transcription-droplet digital
polymerase chain reaction; SD, standard deviation; TCO, trans-cyclooctene.
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Fig. 3. Development and validation of a panel of 11 PCa-relevant genes.
(a) Schematic flow of the selection of 11-gene panel for PCa EV Digital Scoring Assay,

including ACP3, FOLH1, HOXB13, KLKZ2, KLK3, KLK4, MSMB, RLN1, SLC45A3,
STEAPZ, and TMPRSSZ. (b) Box plot of the percentile of expression level of the 11-gene
panel in primary PCa patients’ tissues from TCGA, PCa cell lines from CCLE, and immune

cells from DMAP. Each dot represents the mean of percentile of each maker. *Expression
of STEAPZ, S| C45A3, and KLK4 are not available in DMAP. CCLE, Cancer Cell Line

Encyclopedia; DMAP, Differentiation MAP dataset; EV, extracellular vesicle; PCa, prostate
cancer; TCGA, The Cancer Genome Atlas.
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Fig. 4. Performance of the 11-gene panel in PCa cell line-derived EVs.
(a) Expression heatmap of the 11 gene-panel with LNCaP, C4-2B, and 22Rv1 cells (positive

controls) and male healthy donor (HD) WBCs (negative control). (b) Expression heatmap
of the 11 gene-panel in the PCa cell line-derived EVs before purification (labeled as *),
purified PCa cell line-derived EVs from artificial plasma samples (i.e., a male HD’s plasma
spiked with LNCaP, C4-2B, and 22Rv1-derived EVs, respectively) by EV Click Chip
(labeled as 1), and purified EVs from a male HD’s plasma by EV Click Chip. Transcript
counts are logp-transformed as shown in the heatmaps. 1 after purification by EV Click
Chip. * before purification by EV Click Chip. EV, extracellular vesicle; HD, healthy donor;
PCa, prostate cancer; RT-ddPCR, reverse transcription-droplet digital polymerase chain
reaction; WBC, white blood cell.
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Fig. 5. Performance of PCa EV Digital Scoring Assay in distinguishing metastatic PCa patients
from localized PCa patients

(a) The workflow of PCa EV Digital Scoring Assay for quantifying the 11-gene panel

and calculating Met score in purified EVs from patients with localized PCa (n = 20) and
metastatic PCa (n7= 20). (b) Heatmap of the 11 genes in patients with localized PCa (/7= 20)
and metastatic PCa (7= 20). Transcript counts were logp-transformed. Corresponding Met
scores were calculated from the expression of the 11 genes. (¢) Box plot of the distribution
of Met scores among localized PCa (= 20) and metastatic PCa patients (n7= 20). (d) ROC
curves for Met score and serum PSA concentration to distinguish metastatic from localized
PCa (Met score: AUROC=0.88, £< 0.001, 95% CI=0.78-0.98; serum PSA concentration:
AUROC=0.64, P=0.12, 95% CI=0.45-0.84). AUROC, area under the receiver operating
characteristic curve; CI, confidence interval; EV, extracellular vesicle; PCa, prostate cancer;
PSA, prostate-specific antigen; ROC, receiver operating characteristic.
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Fig. 6. Dynamic performance of the PCa EV Digital Scoring Assay.
Met scores from the PCa EV DSA were generated for three PCa patients over the course of

treatment. (a) Patient undergoing metastasis-directed therapy via stereotactic radiotherapy
without subsequent benefit; (b) Patient with clinical response to intensified androgen
deprivation therapy; and (c) Patient with suspected progression by radiograph and symptoms
later found to be erroneous. BCR, biochemical recurrence; EV, extracellular vesicle; PCa,
prostate cancer; PET, positron emission tomography; PSA, prostate specific antigen; RT,
radiotherapy.
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Table 1
Clinical characteristics of PCa patients.
Characteristic Localized PCa (n=20) Characteristic Metastatic PCa (n = 20)
Median Age, y (IQR) 64 (60.3-69.8) Median Age, y (IQR) 69.5 (60.8-76.5)
Age < 60, 11 (%) 4(20.0) Age < 60, 11(%) 5 (25.0)
Age = 60, 11 (%) 16 (80.0) Age = 60, 11 (%) 15 (75.0)
Race/ethnicity, 77 (%) Race/ethnicity, 77 (%)
White 10 (50.0) White 13 (65.0)
Black 6 (30.0) Black 3(15.0)
Asian 3(15.0) Asian 2 (10.0)
Hispanic 1(5.0) Hispanic 2 (10.0)
Median PSA, ng/mL (IQR) 7.4 (5.5-11.4) Median PSA, ng/mL (IQR)  22.1 (1.6-222.5)
The extent of the primary tumor, 7 (%) Castration sensitivity, /7 (%)
Tlc 6 (30.0) Castration-sensitive 7 (35.0)
T2 8 (40.0) Castration-resistant 13 (65.0)
T3 6 (30.0)
Nodal involvement, 77 (%)
NO 19 (95.0)
N1 1(5.0)
3+3 3(15.0)
3+4 12 (60.0)
4+3 4(20.0)
4+5 1(5.0)
Treatment choice, 77(%)
Active surveillance 6 (30.0)
Radical prostatectomy 14 (70.0)

IQR, interquartile range; PCa, prostate cancer; PSA, prostate-specific antigen.
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