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pathway signatures reveal distinct tumor
biology linked to treatment outcomes.

¢ CellPress


mailto:jdrake@umn.edu
mailto:anton401@umn.edu
https://doi.org/10.1016/j.xcrm.2026.102764
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2026.102764&domain=pdf

¢? CellPress

OPEN ACCESS

Cell Reports Medicine

Plasma extracellular vesicle proteomics nominates
candidate biomarkers of '"’Lu-PSMA-617 outcomes
in metastatic prostate cancer patients

Ali T. Arafa,’ Ella Boytim,?> Megan L. Ludwig,’ Lily Kollitz,® Tianzhong Yang,* Kathleen M. Storey,? Stuart Bloom,?
Gautam Jha,? lan Okazaki,? Charles J. Ryan,® Nicholas A. Zorko,? Daniel Steinberger,® Zuzan Cayci,® Yingchun Zhao,®
Peter W. Villalta,®” Scott M. Dehm,®:8:° Justin H. Hwang,?¢ Justin M. Drake,-¢-%1%* and Emmanuel S. Antonarakis25-11-*
1Department of Pharmacology, University of Minnesota, Minneapolis, MN 55455, USA

2Division of Hematology, Oncology and Transplantation, Department of Medicine, University of Minnesota, Minneapolis, MN 55455, USA
3Nuclear Medicine Division, Department of Radiology, University of Minnesota Medical School, Minneapolis, MN 55455, USA

4Division of Biostatistics and Health Data Science, School of Public Health, University of Minnesota, Minneapolis, MN, USA

5Memorial Sloan Kettering Cancer Center, New York, NY 10065, USA

8Masonic Cancer Center, University of Minnesota, Minneapolis, MN 55455, USA

7Department of Medicinal Chemistry, University of Minnesota, Minneapolis, MN 55455, USA

8Department of Laboratory Medicine and Pathology, University of Minnesota, Minneapolis, MN 55455, USA

9Department of Urology, University of Minnesota, Minneapolis, MN 55455, USA

10Astrin Biosciences, Saint Paul, MN 55114, USA

] ead contact

*Correspondence: jdrake@umn.edu (J.M.D.), anton401@umn.edu (E.S.A.)

https://doi.org/10.1016/j.xcrm.2026.102764

SUMMARY

177l u-PSMA-617 represents a transformative treatment for metastatic castration-resistant prostate cancer
(mCRPCQC), yet biomarkers of benefit beyond prostate-specific membrane antigen positron emission tomog-
raphy (PSMA-PET) imaging remain lacking. Here, we present findings from a prospective study of 100
mCRPC patients receiving '""Lu-PSMA-617, using shotgun proteomics to profile plasma-derived extracel-
lular vesicle (EV) proteins alongside PSMA-positive circulating tumor cell (CTC) enumeration. We identify
5,137 EV-derived proteins, including the cell-surface targets PSMA, B7-H3, Trop-2, and STEAP1, with high
levels of these proteins associating with worse overall survival (OS). All four EV proteins positively correlate
with molecular tumor volume on PSMA-PET imaging, serum PSA, and serum alkaline phosphatase. CTC sub-
populations, including PSMA+/EpCAM+ and PSMA—/EpCAM+ cells, associate with worse progression-free
survival (PFS) and OS. Pathway analysis reveals that p53 upregulation associates with poor PFS and OS,
while an activated E2F pathway unexpectedly portends better PFS and OS. These findings support the inte-

gration of liquid biopsy proteomics into biomarker-driven mCRPC trials to improve patient stratification.

INTRODUCTION

177 u-PSMA-617 has redefined the therapeutic landscape of
metastatic castration-resistant prostate cancer (nCRPC), intro-
ducing a new class of protein-targeted therapies distinct from
traditional hormone therapies and chemotherapies that have
long served as the standard of care for advanced disease.' By
linking a PSMA-617 ligand that binds prostate-specific mem-
brane antigen (PSMA) to the beta-emitting lutetium-177 isotope,
this therapy delivers DNA-damaging radiation to PSMA-ex-
pressing tumor cells, while generally sparing surrounding healthy
tissue.” Clinical trials including VISION, PSMAfore, and
PSMAddition have demonstrated that '"’Lu-PSMA-617 signifi-
cantly improves clinical outcomes, establishing its role across
multiple disease stages.®>™ Despite this breakthrough, therapeu-
tic responses to '7’Lu-PSMA-617 remain heterogeneous, with a
subset of patients showing primary resistance.® Therefore, there
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is an unmet need to identify biomarkers that may predict thera-
peutic efficacy and guide patient selection beyond the use of
PSMA-PET (positron emission tomography) imaging parameters
alone.”®

While certain genomic alterations have been linked to resis-
tance to radiation therapies, including '"’Lu-PSMA-617, the
drivers of disease remain unknown.”'° This gap is critical given
the rise of protein-targeting agents in the prostate cancer thera-
peutic landscape, including radioligand therapies, antibody-
drug conjugates (ADCs), and bi-specific T cell engagers exploit-
ing cell-surface markers such as PSMA, B7-H3, Trop-2, and
STEAP1."""'* However, quantifying these proteins in circulation
has been very challenging given the abundance of circulating
plasma proteins such as albumin and immunoglobulins that
obscure the detection of tumor-derived markers."®

Plasma extracellular vesicles (EVs) represent a promising
liquid biopsy approach to overcome limitations of current
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blood-based biomarkers.'® These membranous nanopatrticles,
secreted by all cells (including tumor cells), carry proteins, lipids,
and nucleic acids that reflect the molecular state of their cell of
origin.'”'® Recent advances in EV isolation, particularly through
differential ultracentrifugation, combined with improvements in
mass spectrometry sensitivity coupled with data-independent
acquisition mass spectrometry (DIA-MS), have gained traction
for their ability to comprehensively quantify proteins across a dy-
namic range.'®?° Unlike conventional data-dependent acquisi-
tion methods, which selectively fragment the most abundant
peptides, DIA methods systematically fragment all peptides
within defined mass windows, capturing a more complete and
unbiased proteomic profile. This approach improves sensitivity
for low-abundance proteins and enhances reproducibility across
samples, making it particularly well-suited for complex, low-
input sources such as plasma-derived EVs.?"??

In addition, circulating tumor cells (CTCs) represent an alterna-
tive liquid biopsy modality for noninvasive cancer detection,
prognostication, and treatment monitoring of mCRPC pa-
tients.?*® Recent advances, including the integration of inertial
microfluidics, digital holographic microscopy, and immunofluo-
rescence, have enabled high-throughput label-free CTC detec-
tion with improved sensitivity and specificity.?”

Here, we hypothesized that deep proteomic analysis of
plasma EVs using unbiased DIA-MS-based proteomics could
uncover biomarkers of sensitivity and resistance in patients
receiving '""Lu-PSMA-617. To test this, we conducted a pro-
spective biomarker study of 100 mCRPC patients. We interro-
gated key cell-surface targets including PSMA, B7-H3, Trop-2,
and STEAP1; identified tumor-enriched proteins and pathways;
enumerated PSMA-positive CTC subpopulations; and tested
the clinical utility of these biomarkers for predicting outcomes
to ""7Lu-PSMA-617 treatment.

RESULTS

Patient cohort

One hundred mCRPC patients were prospectively enrolled prior to
treatment with '"7Lu-PSMA-617 (Figure 1). Baseline patient char-
acteristics are summarized in Table 1. We also enrolled 20 cancer-
free male controls with a median age of 60 (range, 54-75) years.
The median age at enrolliment of the 100 mCRPC patients was
74 years (range, 44-94), and the median baseline PSA level was
54.5 ng/mL (range, 1.42-5,000). Gleason grade groups (GGs) 1-
3 were observed in 16% of patients, GG4 in 16%, and GG5 in
47%, with 21% of patients having unknown Gleason grade. The
majority of patients had bone metastases (91%), 63% showed
lymph node involvement, and 12% had visceral (liver and lung)
metastasis. The median baseline molecular tumor volume (MTV)
was 91.2 cm? (range, 2.00-983.06), with PSMA-PET standardized
uptake value mean (SUVmean) and standardized uptake value
max (SUVmax) of 7.97 (range, 1.52-61.78) and 33.4 (range,
8.42-401.64), respectively. Eastern Cooperative Oncology Group
performance status of 0-1 was seen in 79% of patients. The ma-
jority of patients (72%) had received three or more life-prolonging
systemic therapies, including androgen receptor pathway inhibi-
tors (abiraterone 67 %, enzalutamide 62%, apalutamide 11%, dar-
olutamide 15%) and chemotherapy agents (docetaxel 85%, cab-
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azitaxel 30%). Among the treated mMCRPC cohort, the median PFS
was 212 (range, 32-648) days, while the PSA50 response rate was
44%. Patients received between 1 and 6 administered doses, with
13% receiving 1 dose, 14% receiving 2 doses, 12% receiving 3
doses, 16% receiving 4 doses, 7% of patients receiving 5 doses,
and 38% receiving all 6 doses.

PSMA-PET imaging parameters and outcomes

We investigated standard PSMA-PET parameters that are some-
times used to aid clinical decision-making, which may impact
outcomes.”®*° In our cohort, higher baseline SUVmean was
not associated with greater PFS (hazard ratio [HR] = 0.65, 95%
confidence interval [Cl]: 0.41-1.03, p = 0.066) or overall survival
[OS] (HR = 0.78, 95% ClI: 0.45-1.36, p = 0.385) (Figure S2A),
although suggestive trends were seen. Higher SUVmax was
associated with improved PFS (HR = 0.54, Cl: 0.34-0.88, p =
0.013), but not OS (HR = 0.72, 95% CI: 0.41-1.26, p = 0.249)
(Figure S2B). We then investigated the impact of MTV burden
on patients receiving '””Lu-PSMA-617. In our cohort, high MTV
burden was associated with worse PFS (HR = 1.61, 95% ClI:
1.02-2.54, p = 0.039) and predicted significantly worse OS
(HR = 2.49, 95% CI 1.40-4.42, p = 0.002) (Figure S2C). While
MTV burden was the best imaging parameter at predicting sur-
vival outcomes, it remains impractical for patients with extensive
metastases due to the requirement for labor-intensive manual
segmentation. These constraints highlight the need for minimally
invasive biomarkers such as plasma EV proteomics to help
improve clinical decision-making.

Characterization of EV-derived proteins

We evaluated the robustness of EV detection across all 100 pa-
tients by examining the size distribution of baseline EVs isolated
from plasma, measured by nanoparticle tracking analysis (NTA).
The majority of detected particles were between 100 and
200 nm, consistent with the expected size of small EVs isolated
using differential ultracentrifugation (Figure 2A). Next, we per-
formed deep proteomic interrogation of these plasma EVs using
unbiased DIA-MS-based proteomics. A total of 5,137 EV-derived
proteins were identified across the cohort (Table S1), with a me-
dian of 3,767 proteins detected per patient (range, 2,519-4,555)
(Figure 2B). To evaluate assay reproducibility, we conducted
technical duplicate injections on 20 randomly selected samples.
Principal-component analysis showed that each set of technical
replicates clustered with each other consistently (Figure 2C),
while pairwise correlation analysis revealed correlations of
>94%, confirming the reproducibility of our runs. We then
examined several canonical EV markers and grouped them by
functional class, including tetraspanins, scaffold proteins, lipid
raft-associated proteins, and trafficking/secretion regulators.
These EV-associated markers were detected across the cohort,
supporting the consistency of our EV purification and proteomics
workflow (Figure 2D). To further characterize the EV proteins de-
tected, we considered their annotated subcellular localizations.
Among the 5,137 proteins identified, 18.8% were predominantly
localized to the cell membrane, 19.5% to the nucleus, 36.4% to
the cytoplasm, 9.6% to mitochondria, and 15.7% to other com-
partments including the endoplasmic reticulum, endosomes,
Golgi apparatus, peroxisomes, and lysosomes (Figure 2E).
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Table 1. Baseline characteristics of mCRPC patients enrolled in

this study

Number of enrolled mCRPC patients 100 (100%)
Age at diagnosis (years)

Median (min-max) 66 (42-90)
Age at study enrollment (years)

Median (min-max) 74 (44-94)
Race

White 92 (92%)
Black/Asian 8 (8%)

PSA level at diagnosis (ng/mL)

Median (min—-max)

44 (1.7-8,970)

Gleason grade group (%)

1-3

4

5
Unknown

16 (16%)
16 (16%)
47 (47%)
21 (21%)

Baseline serum PSA (ng/mL)

Median (min—-max)

54.5 (1.42 - 5,000)

Baseline serum ALP levels (U/L)

Median (min—-max)

109 (42-1,736)

Baseline serum Hb levels (g/dL)

Median (min-max)

11.65 (7.60-16.30)

Baseline serum Alb levels (g/dL)

Median (min—-max)

3.9 (2.70-4.80)

Baseline MTV on PSMA-PET imaging (cm®)

Median (min-max)

91.2 (2.0-983.1)

Baseline PSMA-PET SUVmean

Median (min—-max)

7.9 (1.5-61.8)

Baseline PSMA-PET SUVmax

Median (min-max)

33.4 (8.4-401.6)

Baseline ECOG performance status

0 24 (24%)
1 55 (55%)
2-3 21 (21%)
Site of distant metastasis at baseline: no. (%)
Bone 91 (91%)
Lymph node 63 (63%)
Visceral 12 (12%)
Previous local therapies: no. (%)
Radical prostatectomy 25 (25%)
Primary radiation therapy 39 (39%)
Number of prior systemic therapies received
1-2 28 (28%)
3 or more 72 (72%)
Specific prior systemic therapies: no. (%)
ARPIs
Abiraterone 67 (67%)
Enzalutamide 62 (62%)
Apalutamide 11 (11%)

Table 1. Continued

Number of enrolled mCRPC patients 100 (100%)

Darolutamide 15 (15%)
Chemotherapy
Docetaxel 85 (85%)
Cabazitaxel 30 (30%)
Carboplatin 13 (13%)
Other
PARP inhibitor 9 (9%)
Pembrolizumab 3 (3%)
Radium-223 2 (2%)

mCRPC, metastatic castrate-resistant prostate cancer; EV, extracellular
vesicles; CTC, circulating tumor cells; PSA, prostate specific antigen;
ALP, alkaline phosphatase; Hb, hemoglobin; Alb, albumin; PSMA-PET,
prostate-specific membrane antigen positron emission tomography;
SUV, standardized uptake value; MTV, molecular tumor volume;
ECOG, Eastern Cooperative Oncology Group; PARP, poly(ADP-ribose)
polymerase; ARPI, androgen receptor pathway inhibitor.

To evaluate the prognostic significance of detecting cell-sur-
face proteins that are relevant in prostate cancer, we stratified
patients based on the presence or absence of four key CRPC-
associated proteins currently being investigated in clinical trials
for advanced prostate cancer patients: PSMA, B7-H3, Trop-2,
and STEAP1. Patients were stratified into three groups: 0-1 de-
tected proteins, 2 detected proteins, and 3-4 detected proteins.
Kaplan-Meier survival analysis showed a progressive decline in
OS with an increasing number of detected proteins (Figure 2F).
This suggests that patients with detection of 3-4 of these pro-
teins of interest exhibit a broader tumor-associated EV protein
profile compared to patients with detection of 0—1 of these pro-
teins. We next assessed whether an increased number of detect-
able EV-derived cell-surface proteins was associated with
PSMA-PET tumor burden. Using the same stratification groups,
we observed a significant increase in MTV burden with higher
numbers of detected proteins (Figure 2G). Again, these findings
support the notion that the detection of these four CRPC-asso-
ciated proteins likely reflects tumor-derived EV secretion.

Prognostic significance of specific EV proteins

To identify prognostic biomarkers of '77Lu-PSMA-617 sensitivity
or resistance, we assessed the association between EV surface
proteins and clinical outcomes. In our plasma EV assay, PSMA,
B7-H3, Trop-2, and STEAP1 were detected in 66%, 91%, 32%,
and 19% of patients, respectively (Table S2). In the cancer-free
healthy-control cohort, PSMA, B7-H3, and STEAP1 were not de-
tected, while 10% of patients had detectable Trop-2 levels
(Figure 1; Table S3). Detection of EV-derived PSMA protein was
associated with significantly shorter OS (HR = 1.80, 95% ClI:
1.02-3.19, p = 0.043), but not PFS (HR = 1.18, 95% ClI: 0.74-
1.87, p = 0.494). PSMA protein concentration also correlated
with MTV burden (r = 0.328, p = 0.002) (Figure 3A). STEAP1
was associated with significantly shorter OS (HR = 2.99, 95%
Cl: 1.70-5.25, p = 0.001), but not PFS (HR = 1.59, 95% ClI:
0.94-2.69, p = 0.082). STEAP1 concentration also significantly
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Figure 1. Consort diagram summarizing
patient enroliment and EV/CTC profiling

A total of 100 patients were prospectively enrolled
and underwent blood-based extracellular vesicle
(EV) proteomic analysis. PSMA, B7-H3, Trop-2,
and STEAP1 proteins were detected in 66%, 91%,
32%, and 19% of patients, respectively. Circu-
lating tumor cell (CTC) enumeration was per-
formed in 76 evaluable patients, all of whom
(100%) had detectable PSMA+ CTCs. Upon
further stratification, 70/76 (92.1%) harbored both
PSMA+ EpCAM+ and PSMA+ EpCAM— CTCs,
4/76 (5.3%) had only PSMA+ EpCAM— CTCs, and
2/76 (2.6%) had only PSMA+ EpCAM+ CTCs. In
addition, 54/76 patients (71.1%) had some
detectable PSMA— EpCAM+ CTCs in their pooled
cell population.

tumor-associated EV protein detection
(Figure S3). High-MTV plus high-PSMA
expression was associated with signifi-
cantly worse OS (HR = 3.03, 95% Cl:
1.38-6.76, p = 0.006) compared with
low-MTV/low-PSMA patients. High-MTV
plus high B7-H3 was also linked with infe-
rior OS (HR = 4.76, 95% CI: 2.10-10.78,

L\

p = 0.0002). Similarly, high MTV plus
high Trop-2 expression showed signifi-

Both PSMA+ EpCAM+ and
PSMA+ EpCAM- CTCs
n=70/76 (92.1%)

Only PSMA+ EpCAM-
CTCs
n=4/76 (5.3%)

CTCsonly

Only PSMA+ EpCAM+

n=2/76 (2.6%)

cantly worse OS (HR = 5.19, 95% CI:
2.51-10.74, p < 0.0001), highlighting
Trop-2 as a particularly strong marker of

correlated with MTV burden (r = 0.358, p = 0.0006) (Figure 3D).
B7-H3 protein was significantly associated with worse PFS
(HR = 1.86, 95% ClI: 1.22-285, p = 0.004) as well as OS (HR =
2.51,95% CI: 1.50-4.21, p = 0.0004). A positive correlation with
baseline MTV burden was also observed (r = 0.459, p < 0.0001)
(Figure 3B). Finally, detectable Trop-2 protein was associated
with shorter PFS (HR = 1.59, 95% ClI: 1.37-3.34, p = 0.001) and
OS (HR=3.71,95% CI: 2.22-6.20, p < 0.0001) and also positively
correlated with MTV burden (r = 0.431, p < 0.0001) (Figure 3C).

We next expanded our analysis to a broader panel of known as
well as EV-derived surface proteins. Elevated levels of TMPRSS2,
HER2 (ERBB2), and STEAP1B were significantly associated with
both shorter PFS and OS, suggesting their potential role as
markers of aggressive disease biology. In contrast, higher expres-
sion of CNTN1, CD46, CD151, and CXCR4 were associated with
improved OS (Figures 3E and 3F) (Table S4). These findings nomi-
nate a subset of EV proteins that may inform future drug develop-
ment in mCRPC patients or serve as stratification biomarkers in
prospective clinical trials.

High MTV burden and higher levels of EVs predict worse
survival outcomes

To examine whether the prognostic associations of individual EV
proteins were independent of baseline disease burden, we per-
formed stratified survival analyses combining MTV burden with

4 Cell Reports Medicine 7, 102764, May 19, 2026

adverse outcome when combined with

high tumor burden. Finally, high MTV
plus high STEAP1 was also associated with poorer OS (HR =
3.85, 95% ClI: 1.76-8.40, p = 0.001) (Figure S3).

EV cell-surface proteins correlate with serum
biomarkers and metastatic burden

We next assessed the relationship between EV cell-surface pro-
tein expression and conventional clinical biomarkers. Across the
cohort, EV-derived concentrations of PSMA (r = 0.414,
p < 0.0001), B7-H3 (r = 0.552, p < 0.0001), Trop-2 (r = 0.494,
p < 0.0001), and STEAP1 (r = 0.439, p < 0.0001) were positively
correlated with serum PSA levels (Figure S4). Similarly, EV levels
of PSMA (r = 0.424, p < 0.0001), B7-H3 (r = 0.537, p < 0.0001),
Trop-2 (r = 0.495, p < 0.0001), and STEAP1 (r = 0.379, p =
0.0001) were positively correlated with serum ALP levels
(Figure S5).

To further explore the relationship between EV protein
expression and molecular tumor burden, we stratified patients
based on the number of bone lesions detected on PSMA-PET
scan (<20 vs. > 20 lesions). EV expression of B7-H3
(p < 0.001), Trop-2 (p < 0.0001), and STEAP1 (p < 0.01) were
significantly higher in patients with >20 bone metastases
(compared to those with <20 metastases), while PSMA expres-
sion did not differ significantly between the two groups (p =
0.270) (Figure S6). These findings indicate that B7-H3 and
Trop-2 are enriched in high-burden osseous metastatic
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disease, supporting their relevance as targets for emerging pro-
tein-directed therapies.

Pathway-level analysis of EV proteomes reveals
prognostic signatures
To uncover potential protein pathways associated with clinical
outcomes, we applied single-sample gene set enrichment anal-
ysis (ssGSEA) to EV proteomic data for all patients. The resulting
heatmap revealed distinct clustering of patients based on
enrichment of GSEA hallmark pathways (Figure 4A). Notably, pa-
tients in Clusters 1 and 2 showed upregulation of several hall-
mark pathways including EMT, adipogenesis, and the p53
pathway compared to patients in Clusters 3 and 4. This stratifica-
tion suggests that EV proteomic-derived pathway signatures
may reflect distinct tumor phenotypes, which would help to un-
cover biological mechanisms that predict treatment benefit.
Among the most strongly associated pathways, higher levels
of canonical p53 pathway were associated with worse PFS
(HR = 1.85, 95% CI: 1.19-2.88, p = 0.006) as well as OS (HR =
2.10,95% ClI: 1.24-3.55, p = 0.006). Interferon-gamma response
was also associated with worse PFS (HR = 1.62, 95% CI: 1.05-
2.50, p = 0.030) and OS (HR = 1.82, 95% CI: 1.11-3.10, p =
0.019). Increased IL6-JAK-STAT3 signaling was also linked to
worse PFS (HR = 1.61, 95% CI: 1.04-2.48, p = 0.032) and OS
(HR =1.85,95% CI: 1.11-3.10, p = 0.019). Additional pathways
associated with poor OS included late estrogen response, MYC
targets, and TGF-p signaling. Conversely, high levels of the E2F
pathway were unexpectedly linked to significantly improved PFS
(HR = 0.54, 95% CI: 0.35-0.84, p = 0.006) and OS (HR = 0.48,
95% CI: 0.29-0.80, p = 0.005) (Figures 4B and 4C; Table S5).
Together, these findings suggest that EV proteomics can cap-
ture protein signaling pathways with prognostic relevance in
mCRPC patients that may indicate sensitivity or resistance to
77 u-PSMA-617 therapy.

CTC phenotypes reveal subsets linked to worse survival

Next, we determined whether CTC-derived PSMA expression
may also serve as a prognostic marker in the context of '"*Lu-
PSMA-617 therapy. All patients with detectable CTCs expressed
PSMA on immunohistochemical staining in at least a fraction of
cells, with 70/76 (92.1%) patients expressing both PSMA+/Ep-
CAM+ and PSMA+/EpCAM— CTC subpopulations in the same
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blood sample, 4/76 (5.3%) patients only expressing PSMA
+/EpCAM— CTCs per blood sample, and 2/76 (2.6%) patients
expressing only PSMA+/EpCAM+ CTCs. Interestingly, 54/76
(71.1%) of patients who expressed some PSMA+ CTCs also ex-
pressed a fraction of PSMA—/EpCAM+ CTCs in the same blood
sample (Figures 1 and 5A; Table S2).

Higher total CTC counts, independent of PSMA or EpCAM
expression, were associated with worse PFS (HR = 1.65, Cl:
1.00-2.72, p = 0.048) and OS (HR = 3.16, Cl: 1.64-6.09, p =
0.001) and were positively correlated with baseline MTV burden
(r=0.345, p = 0.004) (Figure 5B). Higher PSMA+/EpCAM+ CTC
counts were associated with worse PFS (HR = 2.03, Cl: 1.21-
3.39, p = 0.007) and OS (HR = 3.79, CI: 1.90-7.56, p = 0.0002)
and also showed a positive correlation with MTV burden (r =
0.29, p =0.017) (Figure 5C). PSMA+/EpCAM— CTCs were signif-
icantly associated with worse OS (HR = 1.87, Cl: 1.01-3.47,p =
0.048) but not PFS (HR = 1.57, CI: 0.95-2.59, p = 0.075). PSMA
+/EpCAM— CTCs also significantly correlated with MTV burden
(r=0.366, p =0.002) (Figure 5D). Finally, PSMA—/EpCAM+ CTCs
were significantly associated with worse PFS (HR = 2.10, Cl:
1.26-3.49, p = 0.004) and OS (HR = 2.34, Cl: 1.24-4.41, p =
0.008), but not MTV burden (r = 0.235, p = 0.054) (Figure 5E).

Association of EV and CTC subgroups with PSA50
response to '7’Lu-PSMA-617
We next investigated whether EV-derived proteins and CTC sub-
populations were associated with treatment sensitivity to '"”Lu-
PSMA-617. To do so, we considered treatment response based
on PSA50 reductions and used multivariable logistic regression
to establish the area under the curve (AUC) when compared
with baseline PSA alone or MTV burden alone. We additionally
assessed the net reclassification improvement (NRI) to quantify
whether inclusion of EV biomarkers improved response classifi-
cation beyond clinical variables alone. This approach has been
applied to advanced prostate cancer, including in the phase 3
Alliance-031201 trial evaluating cell-free tumor DNA alterations,
and was found to improve prediction over clinical factors
for CRPC patients receiving enzalutamide with or without
abiraterone.®”

In the current study, baseline PSA (AUC: 0.582) and MTV
burden (AUC: 0.524) alone showed limited discrimination for
PSA50 response. Among individual proteins, the integration of

Figure 2. Characterization of EVs isolated from patient plasma

(A) Particle size distribution of isolated EVs measured by nanoparticle tracking analysis (NTA).
(B) Number of proteins detected per patient using data-independent acquisition mass spectrometry (DIA-MS), with a median of 3,767 proteins (range: 2,519-

4,555).

(C) Principal-component analysis plot showing technical duplicates for 20 randomly selected samples to monitor assay consistency.

(D) Violin plots showing levels of canonical EV markers across all samples, grouped by functional class: tetraspanins, scaffold markers, lipid raft-associated
proteins, and trafficking/secretion regulators.

(E) Subcellular localization of the 5,137 identified EV proteins, revealing their origin from multiple compartments, including cell membrane (18.8%), nuclear
(19.5%), cytoplasmic (36.4%), mitochondrial (9.6%), and others (15.7%).

(F) Kaplan-Meier survival analysis showing the prognostic significance of the cumulative detection of targetable surface proteins (PSMA, B7-H3, Trop-2, and
STEAP1) stratified into three groups: 0-1 detected proteins, 2 detected proteins, and 3—-4 detected proteins. Kaplan-Meier curves were generated using Cox
regression analysis for statistical significance (p = 0.0001). The table below provides the number of patients at risk.

(G) The association between increasing number of detectable EV-derived surface proteins (0-1 detected proteins, 2 detected proteins, and 3-4 detected
proteins) and molecular tumor volume (MTV) burden. Statistical significance was assessed using the Kruskal-Wallis test. Asterisk marks denote level of statistical
significance: **p < 0.01, **p < 0.001.
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Trop-2 EVs to baseline PSA (AUC: 0.711, NRI: 56.4%) and MTV
burden (AUC: 0.639, NRI: 61%) provided the strongest improve-
ment in PSA50 response prediction. PSMA, B7-H3, and STEAP1
showed modest or no significant improvement to PSA50
response prediction (Table S6).

Beyond canonical tumor markers, an optimized multi-protein
EV signature including RAF1, TNKS1BP1, RCCD1, BETH1,
RPA3, EPB41L5, AHNAK2, PFN2, and MRTFA markedly
enhanced prediction when combined with baseline PSA (AUC:
0.878, NRI: 124%), whereas BET1, STARD10, PATJ, RGS3,
RPS6KA2, ADAM22, RAF1, LMBRD1, and AHNAK2 EVs signifi-
cantly enhanced prediction when combined with MTV burden
(AUC: 0.893, NRI: 112%) (Table S6).

Among CTC subtypes, only PSMA—/EpCAM+ CTCs (odds ra-
tio = 0.367, Cl: 0.139-0.931, p = 0.038) showed a significant as-
sociation with reduced PSA50 response rate. After adjustment,
none of the CTC subsets reached statistical significance
(p > 0.05) (Table S7).

EV proteins improve prognostic performance beyond
baseline PSA levels and MTV burden

We next evaluated whether EV-derived proteins improved prog-
nostic and predictive performance beyond baseline PSA levels
based on the calculation of concordance indices (C-indices), in
which 0.71-0.80 have been considered very good in modeling
clinical and genomic factors derived from other liquid bi-
opsies.’**° Baseline PSA alone showed modest prognostic
discrimination with C-index of 0.515 for PFS and 0.618 for OS.
Incorporating EV proteins into our multivariable model, the
addition of B7-H3 EVs and Trop-2 EVs improved the PFS
C-index to 0.605 and 0.608 with NRI of 69.6% and 66.1%,
respectively. Beyond canonical tumor markers, a multi-protein
signature including SRSF1, PCDHGA10, SPINT1, PLK1,
SGMS1, ROBO1, TNKS1BP1, EXOSC8, and MAP3K11 (opti-
mized model with 9 proteins) further improved prognostic perfor-
mance when combined with PSA, achieving a C-index of 0.716
and NRI of 81.1% (Table S8).

For OS prediction, PSA alone demonstrated modest
prognostic performance with a C-index of 0.618. The addition
of individual EV markers including Trop-2 showed improved
C-index discrimination to 0.699 and NRI of 56.1%. The opti-
mized multi-protein signature including SRSF1, SPINT1,
Trop-2, MACROH2A2, RPA1, SGMS1, NCAM2, CDCAS3, and
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NDUFB9 when combined with PSA achieved an improved
C-index of 0.773 and an NRI of 77.9% (Table S8).

Beyond MTV burden alone (C-index of 0.578 for PFS), the addi-
tion of B7-H3 and Trop-2 EVs enhanced the model’s performance,
raising the C-index to 0.625 and 0.641, with NRI of 71.8% and
63.2%, respectively. The strongest prognostic improvement was
achieved with an optimized multi-protein EV signature comprising
PLK1, ROBO1, SRSF1, SGMS1, PCDHGA10, SPINT1, EXOSCS8,
GBP4, and SDCBP2, resulting in a C-index of 0.727 and an NRI
of 69.9% (Table S8).

For OS prediction, MTV burden alone showed modest prog-
nostic performance with a C-index of 0.613. The addition of
B7-H3 and Trop-2 EVs enhanced the model performance,
raising the C-index to 0.674 and 0.695, with NRI of 69.9% and
53.3%, respectively. The strongest improvement was observed
with an optimized multi-protein EV signature comprising SRSF1,
MACROH2A2, CDCA3, SPINT1, Trop-2, RPA1, PLK1, NCBP1,
and SGMS1, achieving a C-index of 0.785 and an NRI of
90.6% (Table S8). These findings highlight the potential of EV-
derived protein for refining risk stratification and response pre-
diction, although further external validation is necessary.

CTC subgroups provide prognostic information beyond
PSA and MTV burden

We next assessed if CTCs improved prognostic accuracy beyond
routine clinical variables including PSA and MTV burden. For PFS,
the addition of total CTC counts (C-index: 0.577 [0.501-0.657]),
PSMA+/EpCAM+ (C-index: 0.597 [0.526-0.663]), PSMA+/
EpCAM— (C-index: 0.552 [0.469-0.638]), and PSMA—/EpCAM+
(C-index: 0.615 [0.540-0.689]) CTCs all improved the C-index
performance beyond PSA levels alone. A similar trend was also
observed for OS across all 4 CTC groups.

Furthermore, we investigated the prognostic utility of CTCs
beyond MTV burden. Similarly to PSA, the addition of total
CTC counts increased the PFS C-index to 0.621 (0.526-0.707)
and adding PSMA+/EpCAM+ CTCs increased the C-index to
0.620 (0.529-0.701). The PSMA—/EpCAM+ CTC group again
showed the strongest increase in the C-index to 0.624 (0.529-
0.713), while the least increase was seen in the PSMA+/
EpCAM— CTC group. Similar trends were also seen for OS
across the 4 CTC groups. Together, these findings show that
CTC subgroups provide prognostic information beyond both
PSA and MTV burden (Table S9).

Figure 3. Prognostic impact and tumor burden associations of EV protein detection and quantification

(A) Kaplan-Meier curves and scatterplot showing that PSMA detection was significantly associated with worse overall survival (OS), but not progression-free
survival (PFS), and was positively correlated with MTV burden (MTV burden, y axis; PSMA expression, x axis).

(B) Kaplan-Meier curves and scatterplot showing that B7-H3 was associated with shorter PFS and OS and demonstrated a strong positive correlation with MTV

burden (MTV burden, y axis; B7-H3 expression, x axis).

(C) Kaplan-Meier curves and scatterplot of showing that Trop-2 detection was associated with significantly reduced PFS and OS and positively associated with

MTV burden (MTV burden, y axis; Trop-2 expression, x axis).

(D) Kaplan-Meier curves and scatterplot showing that STEAP1 was significantly associated with shorter OS but not PFS and positively correlated with MTV

burden (MTV burden, y axis; STEAP1 expression, x axis).

(E) Forest plot showing proteins that were significantly associated with worse or better PFS. The table to the right indicates the hazard ratio (HR), 95% confidence

interval (Cl), and p value for each protein.

(F) Forest plot showing proteins that were significantly associated with worse or better OS. The table to the right indicates the HR, 95% CI, and p value for each

protein.

*p value is adjusted for baseline serum PSA level, baseline hemoglobin (Hb), and baseline alkaline phosphatase (ALP).
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PSMA+ EVs and CTCs provide minimal correlation and
limited additive prognostic power

We then evaluated the correlation between PSMA EV expression
and all four CTC subgroups. Spearman correlation analysis
demonstrated no significant correlation between PSMA EVs
and any of the CTC subsets (p > 0.05) (Table S10).

We next compared the prognostic performance of PSMA EVs
and CTC subsets individually and in combination. For PFS, CTC-
based metrics demonstrated stronger prognostic discrimination
(C-index range: 0.606-0.625) than PSMA EVs alone (C-index:
0.514 [0.452-0.562]). Combining PSMA EVs with any CTC sub-
set did not improve PFS prediction beyond the CTC models
alone. For OS, combining PSMA EVs with total CTC counts
increased the C-index to 0.699 (0.607-0.789), and similar im-
provements were observed when PSMA EVs were combined
with individual CTC subsets (Table S11).

Deconvolution of PSMA- and B7-H3-related protein
networks identifies co-expressed proteins as well as
divergent biological pathways

To examine global proteomic differences in patients with high
EV-derived expression of PSMA, B7-H3, Trop-2, and STEAP1,
we conducted a Pearson correlation of these proteins with
each other across all samples. This indicated that expression
of PSMA, B7-H3, Trop-2, and STEAP1 proteins demonstrated
positive correlations with each other (Figure 6A) and with other
cell-surface targets such as HER2, but were anti-correlated
with the kinesin proteins KIF2A and INPP4B, both of which
have been implicated in other cancers.***° Through Spearman
correlation, these positive and negative co-expression patterns
were also observed across samples (Figure 6B). To conduct
deeper analyses through interrogation of protein networks, we
adapted the Algorithm for Linking Activity Networks (ALAN)
methodology.®® ALAN effectively cross-compared expression
levels of each of these proteins against all other 5,137 proteins
within the 100 patient samples in order to uncover strong and
weak associations. ALAN similarly indicated that (in reference
to PSMA as a benchmark), B7-H3, Trop-2, STEAP1, and HER2
proteins exhibited similar behaviors, whereas KIF2A and
INPP4A exhibited inverse correlations with PSMA protein net-
works (Figure 6C).

To further elucidate the differences between PSMA, B7-H3,
Trop-2, and STEAP1 protein networks (separate therapeutic
targets in mCRPC drug development), we conducted differ-
ential protein expression analysis between the tumors that
were PSMA-high/detectable and PSMA-low groups. This indi-
cated that plasma EVs that were PSMA-high/detectable were
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associated with increased prostate cancer-associated proteins
including AMACR (Figure 6D), which has previously been used
to diagnose prostate cancer due to its pathognomonic expres-
sion in prostatic adenocarcinoma.’” Similar findings were
observed in the Trop-2-detected and B7-H3-high groups. B7-
H3-high showed differentially expressed SF3B1, a splicing factor
associated with aggressive prostate cancer, and DCPS, a scav-
enger-decapping enzyme previously implicated in colorectal
cancer and glioblastoma biology.**° In contrast, the STEAP1-
detectable group demonstrated increased levels of UPP1, a
pyrimidine salvage enzyme that has been linked to neutrophil-
mediated metastatic niche priming and poor outcomes in pre-
clinical models of metastatic breast cancer.*’ The identification
of DCPS and UPP1 and their role in prostate cancer remains
largely unexplored. To uncover pathways associated with
PSMA and B7-H3, we conducted pre-ranked GSEA on these
protein expression profiles based on the 50 Hallmark signaling
pathways. This indicated that PSMA was positively associated
with reactive oxygen species, while it was negatively associated
with mitotic spindle (Figure 5E). B7-H3 was instead significantly
associated with suppressed IL2 and IL6 signaling and inflamma-
tory response (Figure 5F). Altogether, our results indicate that
EV-derived expression of PSMA and B7-HS3 are positively corre-
lated with each other, as well as with Trop-2, STEAP1,
and HER2.

DISCUSSION

Our findings highlight the potential limitations of relying on
PSMA-PET imaging metrics alone for prognostication and sup-
port the incorporation of plasma proteomic biomarkers to aid
in therapeutic decision-making. PSMA-PET parameters such
as SUVmean and SUVmax do not reliably predict PFS and OS.
While high baseline SUV may predict PSA response, it does
not equate to treatment durability, particularly in patients with
high metastatic burden. In contrast, PET-derived MTV burden
was prognostic, but its quantification is labor intensive and is
limited by interpretive variability, particularly in patients with
extensive disease.*” By capturing tumor-derived EV proteins
as well as CTC subpopulations concurrently, our assay corre-
lates with serum-based biomarkers such as PSA and alkaline
phosphatase, serving as a surrogate for tumor burden and dis-
ease biology.

Notably, B7-H3, Trop-2, and STEAP1 were enriched in pa-
tients with extensive bone metastases (>20 lesions), potentially
making them more suitable targets for more extensive metasta-
tic disease. Additionally, HER2 has surfaced as a significant and

Figure 4. GSEA pathway-level analysis of plasma EV proteomics reveals associations with clinical outcomes

(A) Heatmap displaying unsupervised hierarchical clustering of patients based on normalized enrichment scores (NES) from gene set enrichment analysis (GSEA)
across Hallmark pathways. Red indicates positive enrichment and blue indicates negative enrichment for each pathway.

(B) (Left) Forest plot showing univariate hazard ratios for individual GSEA pathways associated with progression-free survival (PFS). Hazard ratios (HR), 95%
confidence intervals (Cl), and p values are shown to the right of each pathway. (Right) Kaplan-Meier survival curves showing that high p53 pathway activity and
low E2F target activity (based on median dichotomization of NES) were significantly associated with worse PFS. Survival curves were compared using the log

rank test. Patient numbers at risk are indicated below each time point.

(C) (Left) Forest plot showing univariate Cox models for the association between individual GSEA Hallmark pathways and overall survival (OS). HR, 95% CI, and p
values are provided for each pathway. (Right) Kaplan-Meier curves demonstrating that high p53 activity and low E2F activity were associated with worse OS.
Pathways were dichotomized at the median NES and compared using the log rank test. Number of patients at risk is indicated below each time point.
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Figure 5. CTC enumeration and PSMA/
EpCAM subtype stratification

(A) Bar chart displaying the percentage of CTC
phenotypes per patient, based on PSMA and
EpCAM expression. CTCs were subclassified into
PSMA+/EpCAM+ (green), PSMA+/EpCAM— (red),
and PSMA—/EpCAM+ (blue).

(B) (Left and middle) Kaplan-Meier survival curves
demonstrating that higher total CTC counts were
significantly associated with worse PFS and OS.
(Right) Scatterplot showing positive correlation
between total CTC count (x axis) and baseline MTV
burden (y axis).

(C) (Left and middle) Kaplan-Meier survival curves
demonstrating that higher PSMA+ EpCAM+
counts were significantly associated with worse
PFS and OS. (Right) Scatterplot showing positive
correlation between PSMA+ EpCAM+ (x axis) and
baseline MTV burden (y axis).

(D) (Left and middle) Kaplan-Meier survival curves
demonstrating that higher PSMA+ EpCAM—
counts were significantly associated with worse
OS but not PFS. (Right) Scatterplot showing pos-
itive correlation between PSMA+ EpCAM— (x axis)
and baseline MTV burden (y axis).

(E) (Left and middle) Kaplan-Meier survival curves
demonstrating that higher PSMA— EpCAM+
counts were significantly associated with worse
PFS and OS. (Right) Scatterplot showing positive
correlation between PSMA— EpCAM+ (x axis) and
baseline MTV burden (y axis).

*p value is adjusted for baseline serum PSA level,
baseline hemoglobin (Hb), and baseline alkaline
phosphatase (ALP).
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clinically relevant protein marker in our analysis. Its elevated
expression is notably linked to poorer OS. This aligns with exist-
ing research suggesting a role for HER2 in prostate cancer pro-
gression and resistance, opening the door to HER2-targeted
strategies in mCRPC.*®

Intriguingly, our results suggest that elevated canonical p53
signaling may confer resistance to therapies inducing single-
stranded DNA breaks (SSBs) via beta-particle emission, which
are efficiently mended by base excision repair (BER) rather than
triggering apoptosis.***> Activated by ATM/ATR kinase signaling,
wild-type p53 upregulates genes such as p21, promoting cell-cy-
cle arrest and enhancing DNA repair functions.’® By increasing
BER, wild-type p53 may enable tumor cells to recover from sub-
lethal SSBs, reducing the therapeutic effectiveness of '"7Lu-
PSMA-617. On the other hand, impaired canonical p53 pathway
function may lead to more cancer cell death due to the inability
to repair SSBs induced by beta-particle radiotherapeutics, mani-
festing clinically as enhanced sensitivity to '””Lu-PSMA-617.

Conversely, high E2F pathway activity was associated with
improved outcomes in our study, suggesting a potential link be-
tween tumor proliferation and increased sensitivity to '7’Lu-
PSMA-617. The E2F transcriptional program, normally kept in
check by RB1, promotes cell-cycle progression and entry into
S-phase and can drive replication stress when dysregulated.*”
Although RB1 genomic status was not assessed in our cohort,
functional loss of RB1 is known to impair DNA double-strand
break repair and disrupt cell-cycle checkpoints, leading to the
accumulation of unrepaired DNA damage following radiation. Ra-
diation is most effective against actively dividing cells, particularly
those in G2/M, where limited repair time before mitosis increases
the likelihood of lethal damage, whereas quiescent or slowly
cycling cells tend to be more resistant.*®*° Elevated E2F activity
accelerates S-phase entry, raising the probability that radiation-
induced single-strand breaks (SSBs) will occur during DNA syn-
thesis, potentially exceeding the capacity of BER and resulting
in mitotic catastrophe.®® Overall, these findings suggest that
elevated E2F signaling may represent a biologically meaningful
state of tumor vulnerability to PSMA-targeted radiotherapy, rather
than a feature of treatment resistance, helping to explain the
improved outcomes seen in this subgroup. This finding is in
contrast to other systemic therapies used in mCRPC, including
hormonal or chemotherapeutic agents, wherein activation of the
E2F pathway has been associated with inferior outcomes.””

The analysis of CTC subpopulations revealed that the pres-
ence of high PSMA+/EpCAM+ CTCs counts was associated
with worse PFS and OS, consistent with prior studies linking
higher PSMA+ CTC counts with unfavorable outcomes.”" An
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observation in the context of PSMA-targeted therapies was
the detection of PSMA—/EpCAM+ CTCs, which was also
associated with worse PFS and OS, suggesting that these cells
represent dedifferentiated phenotypes such as androgen recep-
tor (AR)-negative neuroendocrine (NE)-negative (AR— NE—) or
AR-negative neuroendocrine-positive (AR— NE+) prostate can-
cer. These findings underscore the presence of PSMA— CTCs
alongside PSMA+ CTCs within the same individuals, highlighting
intra-patient heterogeneity, a critical barrier to effective systemic
therapy. This further supports the notion that dual-targeting stra-
tegies, such as those combining PSMA- and B7-H3-directed
therapies, may be needed to address disease heterogeneity.

In summary, we provide prospective evidence that blood-
based EV proteomic analysis can uncover clinically relevant
biomarkers and signaling pathways potentially associated with
treatment response and resistance to '7’Lu-PSMA-617 radioli-
gand therapy. Our findings lay the foundation for future trials
incorporating EV-based proteomics into clinical workflows, ulti-
mately enabling more precise biology-driven patient selection
for individuals with advanced prostate cancer.

Limitations of the study

Our study has several limitations. It was conducted at a single
institution, which may limit the generalizability or reproducibility
of our findings. The study cohort comprised 92% white patients,
which constrains the applicability of these findings to other popu-
lation groups. The absence of a validation cohort highlights the
need for future confirmatory studies, which are currently being
planned by our group and others. Importantly, the modeled pro-
tein signatures associated with PSA50 response, PFS, and OS
require independent validation in external cohorts to establish
their predictive and prognostic utility. The optimized multi-protein
EV signatures identified through LASSO-based feature selection
are exploratory, derived from a single cohort, and vary in compo-
sition across endpoints (PSA50, PFS, and OS) and clinical back-
bones (PSA and MTV burden). Proteome-wide feature selection
is inherently prone to identifying endpoint-specific associations
in a single cohort, raising uncertainty about the biological stability
and reproducibility of these panels in independent cohorts.
Although internal bootstrap optimism correction was applied,
external validation in independent mCRPC cohorts receiving
77Lu-PSMA-617 is required to confirm the stability and clinical
utility of these signatures. Because the proteomic analyses are
descriptive rather than confirmatory, and because the associa-
tions with PFS and OS were sometimes consistent but not uniform
across markers, these findings should be interpreted cautiously.
In addition, our EV isolation protocol does not differentiate

Figure 6. Deconvolution of EV protein networks reveals divergent biology between PSMA and B7-H3
(A and B) Correlation matrices using Pearson correlation show positive co-expression of PSMA, B7-H3, Trop-2, STEAP1, and HER2, and negative correlations

with KIF2A and INPP4B across patient samples.

(C) Violin plots showing ALAN behavior scores for EV surface proteins of interest, with similar network behavior among PSMA, B7-H3, Trop-2, STEAP1, and HER2

and inverse relationships for KIF2A and INPP4B.

(D) Volcano plots from differential protein expression analysis between PSMA-detected vs. PSMA-undetected EV samples (left) and B7-H3-high vs. B7-H3-low
EV samples (right). Both PSMA and B7H3-high EVs showed elevated AMACR, while B7-H3-high EVs were enriched for SF3B1 and DCPS.
(E) Heatmap summarizing Hallmark pathway enrichment by pre-ranked GSEA comparing PSMA and B7-H3-high EV protein profiles. Asterisk marks denote level

of statistical significance: *q < 0.05, **g < 0.01, ***q < 0.001.

(F) GSEA enrichment plots reveal the upregulated and downregulated pathways in PSMA and B7-H3-high EV samples.
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tumor-derived EVs from non-tumor derived vesicles. Ultracentri-
fugation isolated heterogeneous vesicle populations, can damage
vesicles, promote aggregation, and produce variable recovery
and yield across samples, and these shortcomings should be
considered when interpreting EV-associated signals. While tech-
nical replicates confirm instrument-level reproducibility, pre-
analytical variability inherent to ultracentrifugation-based EV isola-
tion, including sample-dependent differences in yield and purity,
was not fully accounted for. Independent workflow replicates pro-
cessed from plasma through to mass spectrometry acquisition
are critical for establishing robust biomarker discovery pipelines
and represent a limitation of this study. Although label-free quan-
tification (LFQ) intensities were normalized using NTA-derived to-
tal EV particle counts, NTA measurements following ultracentrifu-
gation may include co-isolated non-EV particles such as
lipoproteins or protein aggregates. While this approach avoids
the compositional confounding associated with protein abun-
dance-based normalization, co-isolation of non-EV particles rep-
resents a known limitation of ultracentrifugation-based EV isola-
tion and may introduce variability in the normalization factor
across samples. Several key EV proteins were modeled using bi-
nary detection rather than continuous abundance, which may
introduce ambiguity near the limit of detection. The use of de-
tected/undetected and median-based dichotomization for EV
protein classification is appropriate for exploratory discovery in
a single cohort and reduces noise near the detection limit, but
these binary thresholds are inherently assay, workflow, and
cohort-specific, limiting their direct translational applicability.
Without independent workflow replicates and analytically locked
detection thresholds, these binary features may partly reflect
pre-analytical variability and tumor burden rather than reproduc-
ible biological signals, and continuous abundance-based
modeling with prospectively defined thresholds are necessary to
advance these findings toward clinical utility. Detection status
may reflect variability in EV recovery, mass spectrometry sensi-
tivity, protein abundance near the detection threshold, or true bio-
logical absence. At present, no established benchmarks define
analytical sensitivity for EV protein detection in plasma from pa-
tients with mCRPC, representing a broader technical limitation
in the field. Improving assay sensitivity and dynamic range re-
mains a key objective toward the development of a clinical-grade
EV proteomics assay. Furthermore, some EV proteins were de-
tected in only a minority of patients, and, although we used a
10% detection threshold for inclusion given the exploratory nature
of this study, the prognostic value of proteins with low detection
prevalence remains limited. It also remains unknown whether
low detection reflects true tumor biology absence within EVs or
insufficient sensitivity of the mass spectrometry workflow, and
this uncertainty may influence the interpretation of prognostic as-
sociations. The observation that approximately 1,600 proteins are
unique to cancer samples relative to the 20 healthy donor controls
likely reflects a combination of factors including limited control
sample size, differences in proteome depth, and missingness pat-
terns rather than strictly tumor-derived EV specificity, and this pro-
portion is difficult to reconcile with the expected minority fraction
of tumor-derived EV material in plasma following ultracentrifuga-
tion-based enrichment. While several of these cancer-enriched
proteins, including PSMA, B7-H3, and STEAP1, are detected in
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prostate cancer cell lines supporting their tumor relevance, the
broader functional and biological significance of the full set of
1,600 cancer-enriched proteins has not been fully characterized
and remains an area of active investigation by our group and
others.

While DIA-MS enables deep proteomic coverage and
pathway analysis, its use in clinical practice remains limited.
Future efforts could focus on developing EV proteomic assays
using platforms such as Olink or ELISA, which offer greater
scalability and are more compatible with a rapid clinical work-
flow. In terms of the GSEA pathway analyses, we acknowledge
that these Hallmark profiles were originally constructed based
on transcriptomic (not proteomic) data; therefore, key differen-
tial pathways require further validation. Furthermore, our cohort
included only patients with PSMA-predominant disease, which
limited the detection of rare neuroendocrine markers such as
DLL3. Conversely, predominantly nuclear-localized proteins
such as AR, FOXA1, and HOXB13 are under-represented in
EVs and their lower abundance in EVs does not reflect their
concentration in tumor cells. Additionally, without a validation
cohort, the pathway-level interpretations and the prognostic as-
sociations linking EV proteins to PFS and OS analysis require
further confirmation. Finally, because liquid biopsy biomarkers
frequently track with disease burden, disentangling disease
burden effects from true biological variation is inherently chal-
lenging in EV studies, and this complexity should be considered
when interpreting our results. This work requires prospective
validation in other mCRPC patient cohorts, preferably those
involving ""Lu-PSMA-617 or other PSMA-targeting therapeu-
tics. In particular, the provocative finding of potential increased
sensitivity to '7“Lu-PSMA-617 when the E2F pathway is upre-
gulated, or potential decreased sensitivity when the p53
pathway is upregulated, requires independent confirmation.

RESOURCE AVAILABILITY

Lead contact
Further information and requests should be directed to and will be fulfilled by
the lead contact, Dr. Emmanuel Antonarakis (anton401@umn.edu).

Materials availability

No plasmids, mouse lines, or other biological reagents were generated in this
study. The EV isolation protocol using differential ultracentrifugation described
in this study is available in previously published work (DOI: https://doi.org/10.
3390/cancers16244261).

Data and code availability

® Proteomic.Raw files derived from plasma EV samples have been
deposited at the ProteomeXchange Consortium via PRIDE.

® Raw files can be downloaded using an FTP client using this link:
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?task=0e236e1d0
c15483a94c996ec937bd0b8. EV protein intensity and CTC enumera-
tion data for each patient were included as a supplemental table.

@ This paper does not report original code.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PSMA antibody Absolute Antibody Cat# Ab03136-23.0; RRID: AB_3073514
EpCAM antibody Biotechne Cat# BAF960; RRID: AB_356818

Biological samples

3mL of plasma for EV isolation Patient derived N/A

10 mL of blood Patient derived N/A

Chemicals, peptides, and recombinant proteins

PBS (Phosphate-buffered saline) Sigmaaldrich Cat# D8537

2% SDS (Sodium dodecyl sulfate) sigmaaldrich Cat# 436143
protease inhibitor Millipore Sigma Cat# 11836153001
Phosphatase inhibitor ThermoFisher Cat# 78428

LysC Promega Cat# VA1170
Trypsin Worthington Cat# LS003740
Critical commercial assays

Pierce™ BCA Protein Assay Kits Pierce Cat# PI23227
Pierce quantitative Colorimetric Peptide Pierce Cat# 23275

assay

Deposited data

Prostate cancer-focused spectral library This paper Ref. 52-55
Proteomics raw files ProteomeXchange via PRIDE PXD066814
Software and algorithms

Syngo.via Siemens Healthineers N/A

DIA-NN (v2.2) Cambridge University N/A

R (v4.4.0) R- project N/A

survival package (v3.6-4) R- project RRID: SCR_021137
survminer package (v0.4.9) R- project N/A

stats package (v4.3.2) R- project RRID: SCR_001905
hmisc package (v5.1-1) R- project N/A

Limma R package Bioconductor RRID: SCR_010943
Algorithm for Linking Activity Networks University of Minnesota N/A

(ALAN)
Gene Set Enrichment Analysis (GSEA)

MSigDB

RRID: SCR_003199

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants

We prospectively enrolled 100 adults with metastatic castration resistant prostate cancer at the University of Minnesota between
March 2023 and November 2024. The study was approved by the institutional review board (IRB, number STUDY00013815), and
all participants provided written informed consent. Because prostate adenocarcinoma was required for study entry, all patients
were male.

The study population consisted of adult male patients with advanced prostate cancer who were clinically fit to receive standard of
care """Lu-PSMA-617.The median age at study enrollment was 74 years, with a range of 44-94 years. Patients were required to have
histologically confirmed prostate adenocarcinoma, progressive disease, at least one PSMA avid metastatic lesion on PSMA PET im-
aging, and adequate renal function. Patients were excluded if they had another concurrent active malignancy, predominantly PSMA
negative metastatic lesions on PSMA PET imaging, PSMA negative liver or brain metastases, histologic evidence of pure neuroen-
docrine or small cell prostate cancer, or inadequate renal function serum creatinine (<1.5x upper limit of normal). Immune status was
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not directly assessed as part of the study and was not used as a stratification variable or formal eligibility criterion. Of 123 patients
screened for the study, 23 were excluded due to not meeting all eligibility criteria, resulting in 100 patients enrolled for subsequent
biomarker analyses (Figure 1; CONSORT diagram).

Upon consent, patients provided 50mL of peripheral blood collected in EDTA tubes 15 to 60 min prior to the first 177 Lu-PSMA-617
dose. Additional serial blood samples were collected on-study and at the time of disease progression; analysis of these follow-up
samples will form the basis of a future manuscript. Plasma was stored at —80°C for downstream EV isolation, and whole blood
was sent for CTC processing within 2 h.

Cancer free controls
We also enrolled 20 cancer free male controls for comparison. The median age of the control group was 60 years, with a range of 54—
75 years. Controls had no known cancer diagnosis at the time of enroliment. Immune status was not formally assessed in this group.

METHOD DETAILS

EV isolation

EVs were isolated from 3 mL of plasma using our previously reported ultracentrifugation-based protocol.'® Briefly, plasma was
centrifuged at 10,000 g for 30 min to remove debris, followed by ultracentrifugation at 100,000 g to form EV pellets. EVs were
then washed with PBS through four sequential ultracentrifugation cycles at 100,000 g, resuspended in 2% SDS containing prote-
ase/phosphatase inhibitors, and quantified by the bicinchoninic acid (BCA) assay. Proteins were reduced, alkylated, and processed
using single pot, solid phase enhanced sample preparation (SP3). Peptides were digested with LysC and trypsin (1:50 enzyme to
protein ratio) and quantified prior to liquid chromatography-mass spectrometry (LC-MS) analysis, as described below.'®

Mass spectrometry

Mass spectrometry data were acquired using an Orbitrap Exploris 480 mass spectrometer coupled to a Vanquish Neo nanoflow
UPLC with a Nanoflex ion source (Thermo Scientific, Waltham, MA, USA) fitted with a column heater (Sonation GmbH, Model
PRSO-V2, Biberach, Germany). Chromatography was performed using an Aurora Frontier (lonOpticks, Fitzroy, Victoria, Australia)
Ultra-High Performance Liquid Chromatography (UHPLC) packed emitter C18 column (75 pm ID x 60 cm, 1.7 um particlesize) main-
tained at 50°C. The LC solvents were (A) 0.1% formic acid in water and (B) 0.1% formic acid in 80% acetonitrile. Peptides were sepa-
rated at a flow rate of 250 nL/min using the following LC gradient: 3.8-7.5% buffer B in 2.5 min, 7.5-30% buffer B in 160 min, 30—
43.8% buffer B in 10.5 min, 43.8-100% buffer B in 0.5 min, and, finally, 100% buffer B for 6.5 min at 300 nL/min, for a total run
time of 180 min. The following ion source parameters were used: spray voltage = 1900 V, ion transfer temperature = 285°C, RF
lens = 45%. The data independent acquisition (DIA) tandem mass spectrometry method used the following parameters: precursor
ions from 380 to 1200 m/z were scanned at a resolution of 60,000 with a maximum ion injection time of 25 ms and a normalized Auto-
matic Gain Control (AGC) target of 300%. The MS/MS data were acquired using Higher energy Collisional Dissociation (HCD) frag-
mentation at a collision energy of 28% and covering a precursor scan range from 380 to 980 m/z with 60 DIA windows centered 10
m/z apart with 1 m/z overlap and at a resolution of 15,000, a maximum injection time of 40 ms, a normalized AGC target of 1000%,
and a product ion scan range of 145-1450 m/z.

Processing of mass spectrometry proteomic data

DIA raw files were analyzed using DIA-NN (v2.2, Thermo, Cambridge, UK).>? Files were converted to.dia format using DIA-NN’s built-
in tool. A prostate cancer-focused spectral library was generated by integrating datasets from four previously published proteomic
studies, yielding 11,972 proteins. Contaminating proteins (n = 114) were removed including immunoglobulins, fibrinogen chains,
complement proteins, and keratins, resulting in a final library of 11,858 proteins®>~° (Figure S1). FASTA files were prepared using
trypsin/P digestion, allowing up to two missed cleavages and one variable modification. Peptides were filtered based on a length
of 7-30 amino acids, precursor charge of 1-4, and m/z ranges of 300-1800 for precursors and 200-1800 for fragments. Quantification
matrices were generated using a 1% false discovery rate (FDR) at the precursor as well as the protein level.

Nanotracker analysis

The EV samples were analyzed for size and particle concentration using ZetaView Quatt PMX-430 (Particle Metrix GmbH, Inning am
Ammersee, Germany) with ZetaView Software Suite (v.1.3). The samples were diluted to manufacturer recommendations of optimal
particles per view. The measurements were collected using scatter with a 488 nm laser wavelength, recording at least 9 positions with
30 s of video, a camera rate of 30 frames per second, a set temperature of 25°C, sensitivity of 85, and a shutter speed of 200.

Protein compartmentalization

The subcellular localization of the proteins was annotated using GeneCards.®’ A hierarchical classification was applied in the
following order: cell membrane > nucleus > cytoplasm > mitochondria > other (including endoplasmic reticulum, endosome, perox-
isome, Golgi apparatus, and lysosome).
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CTC enumeration

CTC enumeration was conducted as previously described.?’ Briefly, 20 mL of whole blood underwent red blood cell and leukocyte
depletion via a microfluidic chip, yielding 6 mL of enriched cells. Cells were labeled with fluorescently-conjugated antibodies target-
ing PSMA and epithelial cell adhesion molecule (EpCAM), alongside Hoechst nuclear stain. CTCs were analyzed and enumerated
using a dual-modality system combining high-throughput digital holographic microscopy and immunofluorescence staining.
CTCs were defined as Hoechst-positive cells that exceeded a deep learning-based holographic morphology threshold and ex-
pressed PSMA with or without concurrent EpCAM expression. This multimodal platform enabled real-time label-assisted identifica-
tion of both EpCAM-positive and EpCAM-negative CTC subpopulations with a low false-positive rate (of <1 cell/mL), allowing for
high-sensitivity enumeration in patient-derived blood samples.

Clinical outcomes

After """Lu-PSMA-617 initiation, patients were assessed for PSA response, progression-free survival (PFS) and overall survival (OS).
PSA measurements were generally obtained every 6 weeks ( £2 weeks), and imaging assessments (CT, bone scans) were generally
obtained every 12 weeks ( +4 weeks). PSA50 response was defined as a decline in PSA of at least 50% from baseline confirmed by a
second measurement at least 3 weeks later. PFS was defined as the time from initiation of '""Lu-PSMA-617 therapy to the first docu-
mented occurrence of disease progression or death from any cause. Disease progression was determined by one or more of the
following: biochemical progression (defined as two consecutive rises in PSA levels obtained at least 3 weeks apart), radiographic
progression (on conventional imaging), or clinical progression resulting in treatment discontinuation due to worsening symptoms.~®
Patients who did not meet any of these criteria were censored at the date of their last follow-up. Overall survival (OS) was defined as
the time from initiation of therapy to death from any cause. Patients who were alive at the time of data cutoff were censored at the date
of last follow-up.

PSMA-PET imaging

All patients were required to undergo baseline standard-of-care PSMA-PET/CT imaging (not provided by the study) using any of the
FDA-approved PSMA molecularimaging agents. PSMA-PET/CT images were analyzed using a dedicated workstation equipped with
a commercial software package (Syngo.via; Siemens Healthineers, Erlangen, Germany). Focal radiotracer uptake higher than liver
background in the suspected areas were accepted as malignant lesions. SUVmax and SUVmean were measured in all volumes
of interest using this software. Molecular Tumor Volume (MTV) burden was defined as the sum of all PSMA receptor expression pos-
itive tumor identified in the body on a PSMA PET. To calculate volumetric parameters i.e., MTV, an isocontour volume of interest
including all voxels above 40% of the maximum was created using a three-dimensional segmentation technique.

QUANTIFICATION AND STATISTICAL ANALYSIS

Biostatistics analysis

Statistical analyses were performed using R version 4.4.0. We dichotomized the transformed CTC/EV protein into two groups based
on detection rates. Proteins with a detection rate above 80% were categorized as above versus below median, whereas proteins with
a detection rate below 80% were dichotomized into detected vs. undetected groups. Cox proportional hazards models fitted using
the coxph function in R to assess the relationship between binary CTC/EV protein groups (1) without adjusting for any covariates and
PFS/OS. (2) with adjustments for baseline serum PSA level, baseline hemoglobin (Hb), and baseline alkaline phosphatase (ALP).
PSMA PET parameters, including SUVmean, SUVmax, and MTV burden, were dichotomized into binary variables based on median
levels. Multivariable logistic regression was performed for binary PSA50 response and the same set of covariates were adjusted.
Odds ratios (OR) or Hazard ratios (HR), p-values from Wald tests, and 95% confidence intervals (Cl) were reported. Spearman’s
rank correlation (r) was used for nonparametric correlation analyses, while R? values were calculated from squared Pearson corre-
lation results to quantify the amount of unexplained variance due to alinear relationship. Mann Whitney U-tests were used to robustly
compare differences in distribution between two independent groups. Kruskal-Wallis tests were used to robustly compare differ-
ences in distribution across three or more independent groups. Kaplan-Meier (K-M) survival curves, forest plots, and scatterplots
were generated using the survival package (version 3.6-4), specifically the coxph() and survfit() functions, and visualized using surv-
miner (version 0.4.9). For correlation analyses, non-parametric Spearman’s correlation coefficients were calculated using the stats
package (version 4.3.2) and visualized using Hmisc (version 5.2-4).

Prognostic modeling and internal validation

We evaluated two sets of prognostic modeling. In the first set, we performed univariable and multivariable regression models using
different combinations of the 4 EV protein or CTC groups and other clinical factors to assess the prognostic impact in predicting
PSA50 response or PFS/OS. Variables were log2 transformed where appropriate, and continuous predictors were modeled using
restricted cubic splines via the rcs() function from the rms R package (version 8.1-0) when needed after being assessed for potential
nonlinearity. In the second set, we performed an agnostic search of EV proteins from 1600 proteins not found in healthy control pa-
tients. All EV proteins were analyzed as binary variables as described above, and only proteins with a detection rate of at least 10%
were considered for modeling. Feature selection was performed using LASSO regression as implemented in the gimnet R package
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(version 4.1-10). For the survival models, type.measure = “C” and family = “cox” was used with 10-fold cross-validation and the
regularization parameter was selected by maximizing the Harrell’s concordance index. Category-free net reclassification improve-
ment (NRI) was calculated at 6 and 12 months for PFS and OS respectively using the nricens package (version 1.6). For the binary
PSA50 models, we used glmnet package and set type.measure = “auc” and family = “binomial” with 5-fold cross-validation. The
regularization parameter was selected by maximizing the area under the ROC curve. Category-free NRI was calculated using the
improvedProb function from the Hmisc package. For both types of models, only the top 9 protein variables with the largest absolute
non-zero coefficients selected at lamda.min were then retained with either MTV burden or PSA in a standard Cox proportional haz-
ards or logistic regression model for further internal validation.

We report the optimism-corrected C-indices (survival models), AUC scores (PSA50 models), and NRI values using Harrell's boot-
strap optimism method with 200 bootstrap resamples (B = 200). Optimism-corrected calibration metrics were estimated using the
rms R package with 200 bootstrap resamples. For each resample, each given model was refitted (only top 9 protein variables from the
second set were used) and evaluated on both the bootstrap and original samples. The prediction performance metrics were then
corrected through subtracting the average optimism from the apparent performance of each metrics. Feature selection stability
was assessed using 200 bootstrap resamples by recording the proportion of resamples in which each feature was selected by
LASSO as described previously and/or ranked among the top 9 by coefficient magnitude.

Differential protein expression

DIANN MaxLFQ-normalized data were further normalized by dividing by the total EV counts for each patient, and were subsequently
log2-transformed. Groups of samples were annotated by their detection/expression status of EV-derived PSMA, B7-H3, Trop-2, and
STEAP1 protein detection and concentration based on this data. The aggregate protein expression profiles from both groups were
analyzed using the Limma R package, which reports the log2 fold change and statistics for each of the proteins based on two an-
notated groups of samples.To account for mean-variance relationships, Empirical Bayes moderation of the standard errors was
applied with robust variance estimation and a trend prior (trend = TRUE, robust = TRUE).

GSEA

Pre-ranked and single-sample GSEA (ssGSEA) analyses were performed on the MaxLFQ abundance levels of all proteins to assess
the enrichment of the Hallmark pathways from MSigDB between certain groups of interest as well as across all patients in general.*®
For pre-ranked GSEA studies, we established ranked association for key targets PSMA, B7-H3, Trop-2, and STEAP1 proteins based
on their association with all detectable proteins. Briefly, the samples were first grouped based on high- and low-expression status or
detection status based on all 100 samples. The DEP output from Limma as described above was then used to generate the input for
the pre-ranked profile based on multiplying the signage of the log2 fold change by the -log10 (p-value). For ssGSEA, we directly used
the ranked expression of all proteins as input for each sample. For both analyses, a minimum gene set size of 15 was used in order to
account for potential low detection rates for certain Hallmark gene sets.

ALAN

The expression of proteins was processed and analyzed using ALAN, in which all pairwise interactions between the detectable
proteins were compared and assigned values between —1 and 1, which indicates relative similarity of networks.*® Briefly, we first
generated a data matrix for all proteins and all samples using the MaxLFQ-normalized and log2 transformed data. Internally, pairwise
correlations were calculated using a threshold of 15 complete observations, such that if a given correlation between two proteins was
calculated using less than 15 samples with non-NA data, the resulting correlation would be deemed NA. The ALAN profiles of PSMA,
B7-H3, Trop-2, and STEAP1 proteins were then analyzed and presented based on our thresholds previously reported.®®
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