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Although the recently approved prostate-specific membrane antigen
(PSMA)-targeted radioligand therapy (RLT) [*’LulLu-PSMA-617 has improved
outcomes for patients with metastatic castration-resistant prostate cancer
(MCRPC), not all patients respond optimally to this treatment; even measuring
response accurately can be difficult. Moreover, there is currently a lack of
validated prognostic and predictive biomarkers for [Y/LulLu-PSMA-617
treatment in this patient population. There is, therefore, a growing need to
identify biomarkers to help optimize patient selection for [*/LulLu-PSMA-617
and guide therapy decision-making. This review explores the landscape of
emerging clinical, molecular, and imaging biomarkers, and their potential utility
as prognostic and/or predictive biomarkers in the context of [*/LulLu-PSMA-617
treatment for patients with mCRPC.
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1 Introduction

In the United States, prostate cancer (PC) represents nearly 15% of all new cancer
diagnoses (1) and is the most frequently diagnosed cancer in people assigned as male at
birth (2). Numerous life-prolonging agents have been approved for the treatment of
metastatic castration-resistant PC (mCRPC), notably novel precision medicine approaches
including radioligand therapy (RLT) (3). A review of established and novel therapies is
beyond the scope of this manuscript, but the current clinical data, including overall survival
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(OS) rate, is comprehensively reviewed in the 2025 article by Poon
et al. (3). Despite these advances in treatment approaches, PC
remains one of the leading causes of cancer-related mortality (4).
Patients diagnosed with mCRPC have a median OS rate of less than
2 years (5, 6). Furthermore, among those who initiate first-line
treatment, there is an approximate 50% reduction in the rate of
progression to each subsequent line of therapy due to mortality (7),
highlighting the urgent need for improved patient outcomes. As
such, understanding factors for disease progression is crucial in this
regard; identification and validation of new markers of progression
may help to inform treatment selection.

In addition to identifying the likelihood of disease progression,
biomarkers may also help predict treatment response and identify
patients who are suitable for treatment with specific therapeutic
targets. Precision medicine uses prostate-specific membrane
antigen (PSMA)-directed radioligand imaging (RLI) to identify
patients for treatment with RLT, which binds radioactive
molecules directly to the targeted cancer cells (8, 9). PSMA is a
transmembrane protein highly expressed at the cell surface of the
majority of PCs (10-13) and its expression level is dependent on the
disease state, with progressively greater expression reported in
mCRPC (14). PSMA has numerous functions within the normal
prostate and in PC and is an accessible cell surface target for the
delivery of antitumor RLT and other drug therapies (13). Together,
these credentials support PSMA as a therapeutic target in mCRPC
(13-16).

Diagnostic RLI, such as with the positron emission
tomography (PET) imaging agent [*®*Ga]Ga-PSMA-11, can
visualize and semi-quantify PSMA expression in tumors, which
can then be targeted by treatment with a cytotoxic RLT (8, 9).
['"Lu]Lu-PSMA-617 is currently the only PSMA-targeted RLT
agent approved for use by the Food and Drug Administration
(FDA) and the European Medicines Agency in patients with PSMA
PET-positive mCRPC who have been treated with androgen
receptor pathway inhibitor (ARPI) therapy and for whom it is
considered appropriate to delay taxane-based chemotherapy, or
patients who have received prior taxane-based chemotherapy (17,
18). ['"Lu]Lu-PSMA-617 has been shown to improve survival
outcomes in patients with mCRPC compared with historical
agents; in the pivotal phase 3 VISION trial ['"Lu]Lu-PSMA-617
plus best standard of care (BSoC), which included historically used
approved hormonal treatments, bisphosphonates, radiation
therapy, denosumab, or glucocorticoid, improved OS by 4
months compared with BSoC alone (median 15.3 vs 11.3
months; HR, 0.62; 95% CI, 0.52-0.74; p < 0.001) (19).

Several other PSMA-targeted RLT strategies are currently under
investigation. These include beta-emitters such as ['/"Lu]Lu- PN'T2002
(a [YLu]Lu-based PSMA-targeted peptide RLT) (20), I-131-1095
([P*'1]I-based small-molecule PSMA-targeted RLT) (11) and J591
([""Lu]Lu-J591) (a ["""Lu]Lu-PSMA-targeted monoclonal antibody)
(21). Other RLTs in development include copper-based RLTs, such as
[*’Cu]Cu-SAR-bisPSMA (a [*Cu]Cu-based PSMA-targeted RLT with
a double PSMA-binding moiety) (22) and alpha-emitters, including
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[*?Ac]Ac-J591 (a[**’Ac]Ac-based PSMA-targeted antibody) (23),
[*°Ac]Ac-PSMA-R2 (a[***Ac]Ac-linked PSMA-targeted RLT) (24),
[*°Ac]Ac-PSMA-617 (a[***Ac]Ac-linked PSMA-targeted RLT) (25)
and [ZZSAC]AC—PSMA—imaging & therapy (I&T; [**>Ac] Ac-linked
PSMA-targeted RLT used for both imaging and treatment) (26).
Discussion on the management of PC with RLT is out of the scope
of this manuscript; however, the recently published review article by
Almeida et al. provides a comprehensive overview (27).

Although RLI-directed RLT is a promising approach, the
expression of PSMA in PC varies both within and between
individuals (28, 29). Between 15% and 20% of patients have
detectable PSMA-negative metastases on PET scans (19, 30, 31).
Even within PSMA-positive mCRPC, the detection and
quantification of PSMA heterogeneity may differ based on
imaging or immunohistopathology modalities and analysis
methods (28). It is likely that the optimal use of a PSMA-targeted
RLT as a component of a multi-agent treatment strategy will be
needed to account for this therapy-relevant heterogeneity.

Given the expanding complexity of the mCRPC treatment
landscape, practical guidance on utilizing prognostic and
predictive biomarkers to optimize treatment outcomes is urgently
required. Prognostic biomarkers can be used to identify the
likelihood of a clinical event, such as disease recurrence or disease
progression in a particular patient population, and can be identified
from trends in observational data (32). Importantly, they can
indicate a likely disease outcome independent of the treatment
received (33). Conversely, predictive biomarkers are those that are
specifically associated with a response to a particular therapy (32,
33). If the treatment effect (experimental vs control) is different for
biomarker-positive patients compared with biomarker-negative
patients, a biomarker can be considered as predictive (33). To
establish whether a biomarker is prognostic or predictive (or both),
a formal statistical test between the biomarker and treatment group
needs to be performed (33). These concepts are summarized in
Figure 1. The REMARK guidelines exist to assist in complete and
transparent reporting of prognostic studies, such as reporting
statistical significance (34).

Several potential prognostic and predictive biomarkers for
responses to [V7Lu]Lu-PSMA-617 treatment in mCRPC have been
reported (35-37); however, most of these biomarkers still require
standardized and validated measurement methods. This review aims
to evaluate the current evidence for, and current clinical applicability
of, potential prognostic and predictive biomarkers for ['7”Lu]Lu-
PSMA-617 treatment of patients with mCRPC, including imaging,
clinical, and molecular biomarkers at varying stages of evaluation,
including total tumor and whole-body tumor PSMA expression. The
summarized observations of this review are found in Table 1.

2 Prognostic biomarkers in mCRPC

A number of potential imaging and clinical prognostic biomarkers
for patients with PSMA-positive mCRPC have been explored.
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FIGURE 1

(A) Example of a purely prognostic biomarker. Patients with this biomarker have improved survival compared with biomarker-negative patients,
independent of treatment. As the treatment effect is the same for both biomarker-negative and biomarker-positive patients, we can surmise that the
biomarker is not predictive. (B) Example of a purely predictive marker. Biomarker-positive patients display a treatment effect, whereas no treatment
effect is observed for biomarker-negative patients. Therefore, treatment effect differs in quality between the groups, suggesting this biomarker is
predictive. Note that the untreated biomarker-positive patients have the same survival as the untreated biomarker-negative patients. (C) An example
of a prognostic and predictive biomarker. The treatment effect is different for biomarker-negative and biomarker-positive patients, suggesting it is
predictive. However, biomarker-positive patients have improved survival compared with biomarker-negative patients, independent of treatment
group, suggesting it is prognostic.
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TABLE 1 Summary of current prognostic and predictive biomarkers for patients with mCRPC, in the context of treatment with [*””Lu]Lu-PSMA-617.

Biomarker

Whole-body PSMA PET
SUVmean

Role

Prognostic and predictive

Summary

As a prognostic biomarker: Associated with reduced OS if the whole-body
SUV mean is low (< 10), and improved OS if whole-body SUV ¢y is high
(= 10), regardless of treatment type (42)

As a predictive biomarker: Whole-body tumor SUV ., values of

> 10 were also significantly associated with a favorable PSA response to
['7Lu]Lu-PSMA-617 treatment compared with cabazitaxel (40)

As a predictive biomarker: Increasing whole-body tumor SUV ¢,y is
significantly associated with improved rPFS and OS outcomes with
["7Lu]Lu-PSMA-617 treatment (85)

Better accounts for lesion heterogeneity than the SUV .y (40)
Quantitative PET parameters, including the SUV ¢, require specialized
software not routinely available in most clinics (40)

Currently only assessed with [*®Ga]Ga-PSMA-11; no large studies have
investigated the use of other radioligand tracers for predictive evaluation of the
SUV mean in [77Lu]Lu-PSMA-617 treatment

[**F]JFDG PET
MTV

Prognostic

Associated with low PSA response rates if high (MTV > 200 mL), regardless of
treatment type (40)
["®F]FDG PET is widely used in Europe and Australia, but not the US

SPECT/CT
TTV & NL

Liver metastases

CTCs

ctDNA fraction

Changes in cancer-associated genes

Prognostic

Prognostic

Prognostic

Prognostic

Prognostic

Increases in SPECT TTV and NLs are significantly associated with shorter
PSA-PFES, OS (51-53) and PFS (54)

Larger studies to determine appropriate volume cutoffs defining significant
increases in SPECT TTV are required (50)

Harmonization of image acquisition and reconstruction between imaging
centers are required for results to be reproducible (50)

Associated with reduced OS (61, 63), BCR (62), and PFS (64)

High fraction of PSMA-negative CTCs are associated with reduced PFS and OS
(65)

Further validation in a larger cohort of patients is required prior to
implementation in clinical practice

Tools to detect PSMA expression in CTCs are not currently used in routine
clinical practice, limiting their applicability in the clinical setting

Associated with poor median rPFS, RECIST response rate, and PSA50
outcomes if elevated (68)

Alterations in CCNEI, FGFRI1, PTEN, RBI1, TP53, CDK12, MYC, AR (and AR-7
splice variant), and PI3K pathway genes are all associated with various negative
clinical outcomes (37, 69, 73, 74, 78, 80, 81), including PSA-PFS, PSA50
response, and OS

Larger prospective studies are therefore required to confirm whether these
genetic alterations should influence treatment-sequencing decisions in patients
with mCRPC

NLR

Hematologic parameters

Prognostic

Prognostic and

Associated with reduced OS outcomes if elevated > 2.7 (35) or > 3.75 (82)
Can be readily evaluated from routine blood counts and adopted relatively
quickly (83)

Requires further evaluation in trials comparing ['”’Lu]Lu-PSMA-617-treated
and untreated/control patients prior to use in clinic

Neutrophil and lymphocyte counts are potential prognostic biomarkers of

Neutrophil count possibly predictive clinical outcomes (including OS, rPFS, and PSA50), but evaluation of these
Lymphocyte count biomarkers in sufficiently powered clinical studies comparing
Pretherapeutic leukocyte count ["Lu]Lu-PSMA-617 and a control arm with BSoC is required to establish
Pretherapeutic lymphocyte count their true utility (84)
Pretherapeutic platelet count o Pretherapeutic leukocyte, lymphocyte, and platelet counts were all strong
predictors (vs osseous tumor volume) of hematotoxicity, both early and late in
the treatment course of ['”’Lu]Lu-PSMA-617 (36)
Whole-body PSMA PET Possibly predictive o Nomograms developed from multivariate modeling of data from VISION have
SUV jnax identified SUV ., as a potentially predictive biomarker (84)
o More data are required for validation
Other potential predictive biomarkers Possibly predictive e All require evaluation and validation in larger biomarker-driven prospective
Time since cancer diagnosis Lactate trials comparing ['//Lu]Lu-PSMA-617 and BSoC before utility as individual

Use of opioid analgesic

dehydrogenase levels

predictive biomarkers can be realized (63, 84)
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TABLE 1 Continued

Biomarker Role

Presence of PSMA-positive lymph node lesions
Hemoglobin levels

Aspartate aminotransferase levels

Alkaline phosphatase levels

PSA50

10.3389/fonc.2025.1583168

Summary

o 87.5% of responders to treatment (n = 7/8) achieved PSA50 before their third
dose, meaning that monitoring PSA50 levels may assist HCPs in making faster
['"7Lu]Lu-PSMA-617 therapy adjustments (90)

BCR, biochemical response; BSoC, best standard of care; CT, computed tomography; CTC, circulating tumor cell; ctDNA, circulating tumor DNA; FDG, 2-[**F]fluoro-2-deoxy-D-glucose; HCP,
healthcare professional; MTV, metabolic tumor volume; NLs, new lesions; NLR, neutrophil-to-lymphocyte ratio; OS, overall survival; PET, positron emission tomography; PES, progression-free
survival; PSA, prostate-specific antigen; PSA50, PSA decline > 50%; PSMA, prostate-specific membrane antigen; RECIST, Response Evaluation Criteria in Solid Tumors; rPFS, radiographic PFS;
SPECT, single-photon emission CT; SUV,,,y, maximum standardized uptake volume; SUV ;,¢ay, mean standardized uptake volume; TTV, total tumor volume.

2.1 Total tumor PSMA expression

When evaluating the expression of PSMA throughout the body
using PET imaging, a radioactive ligand (such as [**Ga]Ga-PSMA-11)
that targets PSMA is used (38). The radioactive tracer emits positrons
that produce annihilation photons, which are in turn detected by the
PET scanner, allowing a three-dimensional image of the tracer’s loci
inside the body to be rendered (39). As an indicator of PSMA
expression, the mean standardized uptake value (SUV ,c.n) is a
measurement parameter used in PET scans that quantifies the
average concentration of radiotracer ligand uptake within the entire
segmented tumor volume, whereas the maximum standardized uptake
value (SUVyay) is the SUV of the single voxel with the highest
concentration of radiotracer ligand in the entire segmented tumor
volume (40).

Current evidence suggests that PSMA levels may serve as a
prognostic biomarker for patients with mCRPC, and one team of
investigators recently released research showing that prognostic
PSMA PET nomograms based on the PROMISE study criteria had
prognostic utility across early and late stages of PC (41). The open-
label, randomized, phase 2 TheraP study (NCT03392428) was the
first ever randomized trial comparing ['7’Lu]Lu-PSMA-617 to the
BSoC treatment for patients with mCRPC, with 200 eligible
participants with PSMA-positive mCRPC randomly assigned (1:1)
to treatment with either [”’Lu]Lu-PSMA-617 (n = 99) or
cabazitaxel (n = 101) (30, 40). In an updated OS analysis, no
significant differences in mean OS were observed between the
['"7Lu]Lu-PSMA-617 and cabazitaxel arms (19.1 vs 19.6 months,
respectively), irrespective of baseline SUV ¢, (40). Furthermore,
patients with a high whole-body SUV ;,ean (= 10) had improved OS
outcomes, regardless of treatment type, compared with patients
with an SUV ean < 10 (42), though patients with an SUV ea,, < 10
treated with ['”’Lu]Lu-PSMA-617 were still likely to benefit from
longer radiographic progression-free survival (rPFS) compared with
those treated with cabazitaxel (40). These data are important, as
they come from a study for which we have the longest RLT versus
BSoC follow-up data. The exploratory secondary analysis of the
phase 3 VISION study (NCT03511664), in which eligible
participants were randomized 2:1 to receive ['/’Lu]Lu-PSMA-617
therapy plus BSoC (n = 548) or BSoC alone (n = 278), also provides
evidence of the prognostic utility of SUV .., in patients with
mCRPC (43). Here, median OS was longest in patients from the
BSoC alone arm who were in the highest whole-body tumor
SUV mean quartile, suggesting that higher mean PSMA expression
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could be a favorable prognostic factor for survival in patients with
mCRPC (43). However, it is worth noting that while median OS was
longest in the highest SUV .., quartile of the BSoC arm, the
median OS in the lower three SUV,,.., quartiles were very
similar (43). Furthermore, high SUV ., was not associated with
improved median rPFS in the BSoC only arm; rPFS in this arm
remained approximately the same regardless of SUV .., quartile
(43), casting doubt on the value of SUV ..., as a prognostic
biomarker in the BSoC arm.

These results suggest that the SUV .., on treatment with
[*®Ga]Ga-PSMA-11 may be a prognostic factor for OS,
independent of the treatment received (42). Investigators have
commented that SUV .., gives an evaluation of tumor status that
better accounts for therapeutically relevant intra- and interlesional
PSMA heterogeneity, compared with SUV .., (40). However, it is
important to note that SUV,,,, is not routinely reported in PSMA
PET scan reports currently, and the implications this may have on
its adoption in clinical practice are covered in the discussion
section below.

2.2 2-[*®FIfluoro-2-deoxy-D-glucose PET
metabolic tumor volume

Imaging with 2—[ISF]ﬂuoro—Z—deoxy—D—glucose (['*F]FDG)
PET is a well-established and widely studied imaging tool
assessing glucose metabolism in a variety of malignancies (44,
45). Investigators in a single-center, prospective, phase 2 trial
observed that patients with mCRPC who have high intensity
radioligand uptake at disease sites on ['*F]JFDG PET imaging may
have poorer OS (46). The prognostic value of metabolic tumor
volume (MTYV), which refers to the metabolically active volume of
the tumor segmented by ['F]JFDG PET (47), was therefore
examined in a post hoc biomarker analysis of the phase 2 TheraP
study (40). The investigators who conducted this post hoc analysis
observed that a high volume of ['®F]FDG PET MTV (ie. an MTV >
200 mL) was associated with a lower prostate-specific antigen (PSA)
response rate (vs MTV < 200 mL) for both treatment groups (RLT
and cabazitaxel) combined (n = 200). Of note, patients were not
included in the TheraP study if they presented with site(s) of
discordant disease (i.e. sites of disease that are [ISF]FDG—positive
with minimal PSMA expression, defined as ["*F]FDG intensity >
[*®*Ga]Ga-PSMA activity or [**Ga]Ga-PSMA SUV . < 10), s0
these findings must be viewed through the lens of patients
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without sites of discordant disease (40). Similar results were
also observed by the investigators conducting the phase 2
LuPSMA trial, who found that [**F]JFDG-positive MTV, when
measured by ['*FIFDG PET, had prognostic significance for the
survival of patients with mCRPC (46). However, additional data
from a larger patient group are required to fully evaluate
the applicability of this method for prognostic evaluation in
mCRPC in a routine clinical setting. It should also be noted that
while ['*F]JFDG PET imaging is widely used in Europe and
Australia for mCRPC, in the US, PSMA PET-only imaging
criteria are predominantly used for identifying patients suitable
for ["7"Lu]Lu-PSMA-617, based upon the eligibility criteria of the
VISION study (48). This discrepancy should be taken into account
by physicians in countries where FDG PET is not routinely used.

2.3 [*7LulLu-PSMA-617 single-photon
emission computed tomography/
computed tomography

Single-photon emission computed tomography (SPECT)/
computed tomography (CT) allows lesions visualized by
functional imaging to be correlated with anatomic structures,
resulting in increased sensitivity and specificity of scintigraphic
findings (49). The uptake of ["7Lu]Lu-PSMA-617 by tumor cells
can be determined using SPECT and quantified as SPECT total
tumor volume (TTV) (50). Increased SPECT TTV and new lesions
(NLs) in early treatment cycles (1, 2) have been associated with
reduced OS and PSA progression-free survival (PSA-PFS) in
retrospective studies (51-53), showing promise as early
prognostic biomarkers during PSMA-targeted RLT. In another
retrospective analysis of 127 patients evaluated for change in
SPECT/CT TTV at the week 6 (dose 2) timepoint, an increase in
SPECT/CT TTV was found to potentially predict reduced PES (54).
Increased TTVs and NLs at the start of cycles 2 and 3, as determined
by SPECT/CT, have also been shown to be independently associated
with increased risk of death in a recently published retrospective
study (52).

SPECT/CT performed 24 hours after treatment with
['”7Lu]Lu-PSMA-617 has been shown to lead to changes in
treatment management in 49% of patients (n = 60/122),
highlighting its therapeutic value (52, 55). Importantly, tailoring
RLTs based on early biomarker response (such as PSA response and
changes in TTV and NLs) has also been shown to maintain
comparable outcomes to continuous treatment, while allowing for
the benefit of a treatment vacation (53). Dosimetric parameters on
SPECT/CT have also been investigated in a retrospective study,
which found baseline lesion-absorbed dose of ['””Lu]Lu-PSMA-617
was significantly correlated with PSA response, though SPECT/CT
lesion-based responses had a limited relationship with absorbed
dose (56). New generation multi-detector cadmium-zinc-telluride
(CZT)-based SPECT/CT that can acquire scans much faster than
current modalities has been shown to have comparable detection/
targeting rates compared to the commonly used SPECT/CT systems
(Discovery 670 Pro) (57). Furthermore, SPECT/CT at 4 hours post-
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[""7Lu]Lu-PSMA-617 treatment shows promise as an alternative to
24-hour post-treatment SPECT/CT for assessing treatment
response (58).

These results emphasize the practicality of using SPECT/CT for
treatment response assessment, highlighting the potential utility of
SPECT/CT as a prognostic tool for establishing likely disease
outcomes in patients with mCRPC. However, these findings need
to be validated in larger cohorts of patients and further research is
needed to ensure the practical applicability of SPECT/CT, including
appropriate volume cutoffs to define significant increases in SPECT
TTV and harmonization of image acquisition and reconstruction
between imaging centers and systems (50).

2.4 Liver metastases

The liver has a critical role in the metabolism, detoxification,
and synthesis of a number of proteins and factors vital for fluid
balance and blood clotting, and it is hypothesized that liver
metastases contribute to cancer mortality through these vital
physiological functions (59). In a meta-analysis of 83 studies
evaluating 604,853 patients treated for a wide variety of cancer
types, liver metastases were shown to negatively impact OS (HR,
1.77; 95% CI, 1.62-1.93) (59). Liver metastases have also been
associated with poor OS outcomes in mCRPC, regardless of
treatment type (60). Of therapeutic relevance, liver metastases can
also have heterogeneous levels of PSMA in mCRPC (31).

The prognostic utility of the presence of liver metastases,
visualized by RLI, has been investigated in a number of
observational and retrospective studies in patients with mCRPC
treated with [*”’Lu]Lu-PSMA-617 (61-64). In the WARMTH
multicenter retrospective analysis, the presence of PSMA-positive
bone and liver metastases, as well as poor Eastern Cooperative
Oncology Group performance status, were shown to be significantly
associated with worse OS in univariate and multivariate analyses
(61). A multicenter retrospective study of 145 patients with mCRPC
also indicated a positive relationship between the presence of
PSMA-positive visceral metastases and reduced biochemical
response, as defined by a PSA decline of > 50% (PSA50)
from baseline to at least 2 weeks after the start of treatment with
[”7Lu]Lu-PSMA-617 (p < 0.01) (62). In a single-center
retrospective analysis of 52 patients with mCRPC treated with
['"Lu]Lu-PSMA-617, the presence (vs absence) of PSMA-positive
liver metastases was also associated with poorer OS (HR, 6.981; 95%
CI, 2.583-18.863; p < 0.001) (63). Furthermore, in a prospective
observational study (n = 52), presence of PSMA-positive liver
metastases was also associated with reduced PES in patients
treated with ['”"Lu]Lu-PSMA-617 (64).

These studies highlight that the presence of PSMA-positive liver
metastases may have a role as a prognostic biomarker that could be
applied in clinical practice, as they indicate individuals with likely
poor clinical outcomes who may benefit from ['””Lu]Lu-PSMA-617
treatment. However, further evaluation is needed to prospectively
determine their application in the clinical setting among patients
with mCRPC.
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2.5 Circulating tumor cells

While targeted imaging provides an opportunity for whole-
body phenotyping of PSMA expression at the macroscopic level,
liquid biopsy testing, specifically of circulating tumor cells (CTCs),
could offer an alternative method of PC disease identification and
characterization (65). The role of PSMA-positive (vs PSMA-
negative) CTCs as a potential prognostic biomarker in the context
of RLT was suggested by the results of a prospective proof-of-
concept study in patients (n = 20) with advanced mCRPC (65).
Here, the investigators found that a high fraction of PSMA-negative
CTCs (high fraction: mean 54%, vs low fraction: mean 19%) was
prognostic for both shorter PFS (odds ratio [OR], 1.236; 95% ClI,
1.035-2.587; p = 0.0043) and shorter OS (OR, 1.056; 95% CI, 1.008-
1.141; p = 0.0182) in patients treated with ['"7Lu]Lu-PSMA-617
(65). However, as commented by the investigators, this was a small,
single-center, proof-of-principle study with only moderate
statistical power, and further validation in a larger cohort of
patients is required prior to implementation in clinical practice
(65). Furthermore, tools to detect PSMA expression in CTCs are not
currently used in routine clinical practice, limiting their
applicability in the clinical setting.

2.6 Circulating tumor DNA fraction

In patients with cancer, tumor DNA is often shed into the blood
and mixed with cell-free DNA from leukocytes that have undergone
apoptosis (66). The prognostic utility of circulating tumor (ct)DNA
and ctDNA fraction in plasma has been seen across several cancer
types including mCRPC (67). ctDNA fraction can be associated
with tumor burden and can help assess the likely disease trajectory
of patients across different cancer types and clinical scenarios (66).
In a real-world outcomes study conducted in the US, the prognostic
value of ctDNA fraction was assessed in patients undergoing liquid
biopsy testing for four cancer types including mCRPC (67). In this
study, the investigators observed that a ctDNA fraction > 10% was
highly correlated with OS in a univariable analysis of patients with
mCRPC (HR, 3.3; 95% CI, 2.04-5.34; p < 0.001), regardless of their
treatment type (67). Furthermore, this finding was consistently seen
in patients with all of the other cancer types evaluated, leading the
investigators to conclude that plasma ctDNA tumor fraction is an
independent prognostic biomarker, with the potential to guide
clinical conversations around expected disease trajectory and,
therefore, treatment selection (67). However, the investigators did
also note that its predictive utility is still to be proven. Thus, the use
of ctDNA tumor fraction or changes in ctDNA fraction that occur
on therapy as a guide to optimize treatment outcomes in patients
with mCRPC requires validation in prospective clinical trials before
it can be incorporated into clinical practice (67).

In the context of ["“Lu]Lu-PSMA-617 treatment, associations
between baseline ctDNA levels and outcomes have been assessed as
an exploratory analysis of the phase 3, open-label, randomized
PSMAfore study (NCT04689828) (68). Of the 360 samples
collected from 468 patients, investigators evaluated ctDNA levels,
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and observed increased ctDNA levels were associated with worse
median rPFS, Response Evaluation Criteria in Solid Tumors response
rate, and PSA50 outcomes, regardless of therapy (68). It was
noteworthy that patients with this negative prognostic biomarker
still had longer median rPFS outcomes with [""Lu]Lu-PSMA-617
treatment compared with ARPIs (68). In a single-center observational
cohort study (n = 46), higher levels of ctDNA were significantly
correlated with shorter PFS in patients treated with ["Lu]Lu-PSMA-
617 (69). The investigators found that a quartile index stratification of
ctDNA levels identified three prognostic groups (low/undetectable,
intermediate, and high ctDNA) with different Kaplan-Meier PFS
estimates (median 7.3 vs 4.3 vs 2.4 months; p = 0.0023), though they
also noted the small size of their study as a limitation (69). Similar
findings were observed in a recently presented exploratory analysis of
patients enrolled in the phase 2 TheraP trial (70). Here, the
investigators analyzed baseline blood samples from 178 participants
who received > 1 cycle of protocol-assigned treatment, finding that
the odds of a PSA50 response to ['"Lu]Lu-PSMA-617 in patients
with ctDNA < 2% were significantly higher than in those patients
treated with cabazitaxel (p = 0.0067) (70). Furthermore, higher
ctDNA fractions were associated with shorter PFS in patients
treated with ['7"Lu]Lu-PSMA-617 (p < 0.001), though not
cabazitaxel (p = 0.35) (70). The investigators concluded that
ctDNA fraction is a candidate prognostic and predictive biomarker
for differential response to [Y7Lu]Lu-PSMA-617 treatment versus
taxane chemotherapy in molecular imaging-identified patients with
mCRPC who have progressed after docetaxel (70).

2.7 Changes in cancer-associated genes

In addition to quantifying tumor fraction, ctDNA analysis can
detect specific genomic aberrations, including those involving
DNA-repair genes (such as BRCAI, BRCA2, ATM, PALB2,
FANCA, RAD51D, CHEK2, and CDK12) (71). In a 2023 study,
pretreatment mutations, deletions, fusions, and amplifications of 83
cancer-associated genes were evaluated in the ctDNA of 44 patients
with PSMA-positive mCRPC prior to therapy with PSMA-targeted
RLT (["""Lu]Lu-PSMA-I&T and ['""Lu]Lu-PSMA-617) (37). Non-
responders (defined as PSA response < 50%) were significantly
more likely to have amplifications of the cancer-related genes
CCNEI and FGFRI prior to treatment (37). However, the
investigators did note that additional studies to confirm these
findings are required (37). Interestingly, alterations in DNA-
repair genes were associated with an improved PSA50 response
rate following treatment with ['”’Lu]Lu-PSMA-617, suggesting that
the higher PSA50 response rates observed in the DNA-repair cohort
might be due to an increased sensitivity to ionizing radiation (72).

Alterations in the tumor suppressor genes PTEN, RBI, and
TP53 were found to be significantly associated with poorer
outcomes (including PSA-PES and OS) in a study of ctDNA in 32
patients treated with ['7“Lu]Lu-PSMA-617 plus intermittent
treatment with the small molecule transduction inhibitor
idronoxil (73). As these data came from a small, single-center
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study, the investigators commented that further studies are required
to fully establish the potential of these genetic variants as prognostic
biomarkers for ['”’Lu]Lu-PSMA-617 RLT (73). Similarly, in the
PSMAfore study, median rPFS was also observed to be significantly
shorter for patients with detected versus undetected alterations in
key PC genes, such as the androgen receptor gene (AR) and TP53,
suggesting a potential for prognostic significance (68).

In a recently published retrospective study characterizing
molecular prognosticators of benefit to ['’Lu]Lu-PSMA-617 among
patients with mCRPC (n = 115), the investigators observed that
baseline alterations in CDK12, MYC, and FGFR were associated with
a reduced PSA50 response after ["7Lu]Lu-PSMA-617 treatment (74).
Similarly, another group study assessing genomic alterations in 120
patients with mCRPC found that amplification of genes regulating cell-
cycle pathways were associated with poorer OS (75). Conversely,
another study in 71 patients with mCRPC found there were no
significant associations between [""Lu]Lu-PSMA-617 outcomes and
genomic alterations (in genes including ATM, ATR, BRCA1/2, BRIP1,
CHEK2, EPCAM, FANCA, GEN1, HOXBI13, MLHI1, MSH2/6, NBN,
PALB2, PMS2, RAD51IC, RAD5ID, and TP53), or prespecified
pretreatment PET parameters (76). However, in the Phase 2 TheraP
trial, ATM loss in baseline ctDNA was associated with more favorable
outcomes in select patients treated with [""Lu]Lu-PSMA-617 (70).
Properly powered prospective studies specifically designed to
determine links between somatic gene alterations and treatment-
sequencing efficacy are required to apply the findings clinically.
Given that these studies were conducted in patients treated with
[""Lu]Lu-PSMA-617, further validation is needed on whether these
genomic alterations are predictive or prognostic.

Amplifications, mutations, and splice variants involving the AR
gene are commonly seen in mCRPC (77). In a genomic analysis of 101
CRPC metastases, a region approximately 624 kb upstream of the AR
gene was a commonly observed site of structural DNA variation (78).
AR amplification occurred in 70% of analyzed cases and was associated
with significantly elevated AR mRNA expression (p = 9 x 107%) (78).
This is consistent with previous research showing that genomic
aberrations in AR are rare in localized PC but reasonably common
in CRPC (6) and are an acquired mechanism of resistance to ADT and
ARPIs (79). Other study groups have since conducted studies on how
AR gene alterations and changes in gene expression could act as
potential prognostic biomarkers in mCRPC (69, 80, 81). In one single-
center, open-label, phase 2 trial (NCT03454750) evaluating the activity
of [""Lu]Lu-PSMA-617 and pretreatment plasma AR DNA copy
number in patients with mCRPC, patients who gained copies of the
AR gene in their plasma were more likely to develop early progressive
disease compared with patients with no gain of AR gene copies (p =
0.0002) (80). Patients with these AR gene amplifications had a shorter
median OS compared with those who did not have these amplifications
(74 vs 19.1 months respectively; p = 0.020) (80). The researchers
concluded that AR status could therefore indicate cases of mCRPC with
early resistance to ['7Lu]Lu-PSMA-617 (80). In a single-center
observational cohort study of 57 patients with late-stage mCRPC
treated with a different PSMA-targeted RLT, [""Lu]Lu-PSMA-I&T
(69), structural rearrangements in the AR gene and gene alterations in
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the PI3K pathway were observed to be independently associated with
poor prognosis, and patients with these changes did not gain lasting
benefit from ['7’Lu]Lu-PSMA-I&T (69). However, the investigators
stated that prospective evaluation in larger biomarker-driven trials is
warranted (69). In the PSMAfore study, median rPFS was significantly
reduced in patients with detected versus undetected AR gene alterations
(68). Moreover, a prospective analysis of patients (n = 19) undergoing
['""Lu]Lu-PSMA-617 therapy for mCRPC suggested that for both full-
length AR and the truncated AR splice variant, AR-V7, mRNA copy
numbers might serve as prognostic biomarkers for high tumor burden
in patients with mCRPC prior to initiating ['”’Lu]Lu-PSMA-617
treatment, although further study is required (81). Overall, these
studies indicate that alterations in AR, ATM, CCNEI, FGFRI,
PTEN, RBI, TP53, CDKI12, MYC, and FGFR genes may serve as
prognostic biomarkers for mCRPC, including in those treated with
[177Lu]Lu—PSMA-617, though as noted in many of these studies,
further research to validate these findings is required.

2.8 Neutrophil-to-lymphocyte ratio

The neutrophil-to-lymphocyte ratio (NLR) is thought to be a
marker of inflammation, host immune response, and the tumor
microenvironment in patients with a wide variety of cancers (82, 83).
The value of the NLR in prognosticating ['”’Lu]Lu-PSMA-617
treatment outcomes in mCRPC has thus been explored in two
retrospective studies (35, 82). In the first, a retrospective analysis of
data from 180 patients with mCRPC treated in sequential prospective
RLT trials (utilizing [*”Lu]Lu-J591, [*°Y]Y-J591, [""Lu] Lu-PSMA-617,
or [**Ac]Ac-J591), a median NLR of > 3.75 (vs < 3.75) was found to be
significantly associated with a worse OS (HR, 1.06; 95% CI, 1.02-1.09;
p = 0.002), regardless of treatment type (82). In the second retrospective
study in 61 patients with mCRPC treated with ["Lu]Lu-PSMA-617,
high NLR (= 2.7) demonstrated the strongest (of five hematologic and
inflammatory parameters) association with shorter OS (HR, 3.32; 95%
CI, 1.66-6.65; p = 0.001) (35). However, as noted by the investigators,
the prognostic utility of NLR requires further evaluation in trials
comparing ['”7Lu]Lu-PSMA-617-treated and control patients. Should
additional research support its use as a prognostic (or predictive)
biomarker, NLR may be a highly useful biomarker for the clinical
setting, as it can be readily evaluated from routine blood counts and so
may be widely adopted relatively quickly (83).

2.9 Hematologic parameters

Nomograms developed from multivariate modeling of data
from the phase 3 VISION study identified neutrophil count as a
potential prognostic biomarker for OS and lymphocyte count as a
potential prognostic biomarker of OS, rPES, and PSA50 in patients
treated with ['”’Lu]Lu-PSMA-617 (84). Further evaluation of these
biomarkers in a sufficiently powered clinical study comparing
['"7Lu]Lu-PSMA-617 and a control arm with BSoC is required to
firmly establish their prognostic (and possibly predictive) utility.
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3 Predictive biomarkers for response
to [*”/LulLu-PSMA-617 therapy in
PSMA-positive mCRPC

The use of imaging and clinically based biomarkers is
being evaluated for its predictive value in determining response to
['"Lu]Lu-PSMA-617 therapy in patients with PSMA-positive
mCRPC. Understanding the role these biomarkers have in predicting
patient response to treatment is a vital tool for optimizing treatment
selection in an increasingly complex landscape. Below, we discuss the
latest evidence for the utility of various biomarkers for predicting
response to ['7’Lu]Lu-PSMA-617 treatment in patients with mCRPC.
It should also be noted that some biomarkers, such as whole-body
PSMA levels, may have both prognostic and predictive utility.

3.1 Whole-body tumor PSMA expression

PSMA levels, as determined by the SUV c,, of PSMA PET, were
evaluated in post hoc analyses of two pivotal clinical trials of
["’Lu]Lu-PSMA-617 in mCRPC (40, 85). In the phase 2 TheraP
study (n = 200) the investigators utilized prespecified cutoft points for
SUV ean> Observing that whole-body tumor SUV ., values of > 10
were significantly associated with a favorable PSA response to
['7Lu]Lu-PSMA-617 treatment compared with cabazitaxel
(OR, 12.19; 95% CI, 3.42-58.76 vs 2.22; 95% CI, 1.11-4.51; p,g =
0.039 for treatment-by-SUV ., interaction) (40). Notably, however,
57 patients harboring tumors with SUV e, values < 10 also showed
radiographic responses to ['Lu]Lu-PSMA-617 treatment (40). In an
exploratory post hoc subgroup analysis (n = 548) of the VISION study,
increasing whole-body tumor SUV .., was significantly associated with
improved rPFS and OS outcomes with ['/Lu]LuPSMA-617 treatment
(43, 85). In the [”"Lu]Lu-PSMA-617 plus BSoC treatment arm, every
one-unit increase in whole-body tumor SUV ..., was associated with a
12% decrease in the risk of an rPFS event and a 10% decrease in the risk of
death (43). It is important to note that in this study, no cutoft or threshold
SUV hean Was identified, as survival was linearly correlated with whole-
body SUV hean (85, 86). Nomograms developed from multivariate
modeling of data from 831 patients in the phase 3 VISION study, who
received [7”Lu]Lu-PSMA-617 plus BSoC or BSoC alone, also identified
SUV 1 as a potentially predictive biomarker (84). However, evaluation
of SUV .« in a sufficiently powered randomized clinical study
comparing ['7’Lu]Lu-PSMA-617 and BSoC is required to firmly
establish its predictive potential.

Importantly, the quantitative PET parameters used in these
"7Lu]Lu-PSMA-617 studies require specialized
software, and the resources required to routinely assess whole-

exploratory [

body tumor SUV .., are not available in most clinics (40); hence,
the clinical applicability of SUV .., as a prognostic or predictive
biomarker may be limited at this time. However, it should be
noted that a four-category score that incorporates both
heterogeneity and intensity of tumors, derived from tools on a
standard PET workstation, was found to be comparable with
quantitative SUV ,ean in terms of predictive utility for response to
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['"Lu]Lu-PSMA-617 treatment (87). In addition, these studies
utilized PSMA PET imaging with [**Ga]Ga-PSMA-11, which is
currently the only radiopharmaceutical approved by the FDA for
assessing PSMA-positive PC lesions (88), although current NCCN
Clinical Practice Guidelines in Oncology (NCCN Guidelines®) and
American Society of Clinical Oncology guidelines state that all
FDA-approved radioligand tracers (namely [**Ga]Ga-PSMA-11,
[lsF]DCFPyL, and ["®F]rhPSMA-7.3) can be used for identifying
suitable patients (71, 89). To our knowledge, there are no large
studies that have investigated the use of other radioligand tracers for
predictive evaluation of SUV ean in ['/Lu]Lu-PSMA-617 therapy.

In addition, the caveats noted above regarding the routine
availability of specialized resources required to evaluate SUV can
(40) could also apply to SUV,,., thus limiting the widespread
clinical adoption of SUV evaluations at this time.

3.2 Hematologic parameters

The value of hematologic parameters for prediction of
["Lu]Lu-PSMA-617 treatment hematotoxicity was also explored in
a retrospective study of 67 patients (36). In this study, the investigators
compared pretherapeutic hematologic parameters for prediction of
hematotoxicity after ["7Lu]Lu-PSMA-617 treatment. The study found
that pretherapeutic leukocyte, lymphocyte, and platelet counts were all
strong predictors (vs osseous tumor volume) of hematotoxicity both
early and late in the treatment course (36). This study suggests that
hematological parameters may have potential as predictive biomarkers,
though their utility needs to be formally validated in a prospective
randomized controlled trial.

3.3 Other potential predictive biomarkers

Development of the nomograms outlined at the beginning of
this section identified a number of other primarily clinical
biomarkers with predictive potential in ['7’Lu]Lu-PSMA-617
therapy (84), including time since cancer diagnosis; use of opioid
analgesic; presence of PSMA-positive lymph node lesions; and
levels of hemoglobin, aspartate aminotransferase, lactate
dehydrogenase, and alkaline phosphatase (63, 84). Again, these
would require evaluation and validation in larger biomarker-driven
prospective trials comparing ['7"Lu]Lu-PSMA-617 and BSoC
before they could be utilized as individual predictive biomarkers.
Furthermore, a recent real-world retrospective cohort study has
shown that monitoring PSA50 levels in patients with mCRPC
during treatment with ['””Lu]Lu-PSMA-617 may assist clinicians
in making faster therapy adjustments, as 87.5% of responders to
treatment (n = 7/8) achieved PSA50 before their third dose (90).

4 Forecasting models

In the absence of clinically validated prognostic and predictive

biomarkers, nomograms are among the most commonly used tools
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to estimate prognosis in oncology and medicine. They function by
generating an individual numerical probability of a clinical event by
integrating diverse prognostic and determinant variables (91). In a
recent multicenter, retrospective study, data from 2414 patients
were assessed to compare the prognostic value of PSMA PET
staging, categorized by PROMISE criteria, with established
clinical nomograms (92). Imaging, clinical, and follow-up data
were collected, and PSMA PET data were then compared with
established clinical risk scores for prediction of OS in patients at all
stages of PC (92). The investigators found that their nomograms
accurately stratified high-risk and low-risk groups for OS in early
and late stages of PC, yielding equal or better prediction accuracy
compared with established clinical risk tools (92).

Externally validated nomograms prognostic for mCRPC and
predictive of response to ['Lu]Lu-PSMA-617 treatment in patients
with mCRPC have been developed for clinicians in institutions where
PSMA-targeted RLT has been introduced as a novel therapeutic option
(84, 93). Gafita et al. have developed three externally validated
nomograms that assess OS, PSA-PES, and PSA50 in males with
mCRPC receiving [7’Lu]Lu-PSMA-617, concluding that these
prognostic models may assist in clinical trial design and individual
clinical decision-making (93). Nomograms developed from
multivariate modeling of data from 831 patients in the phase 3
VISION trial identified a number of parameters with potentially
predictive value, such as PSMA expression (e.g. SUV,ean) and
lymphocyte count (84). However, it should be noted that these
nomograms utilized [*®*Ga]Ga-PSMA-11 for patient identification
(84, 93) and have not been validated with other radiotracers.
Furthermore, while the predictive value of these nomograms was
alluded to by the investigators for one of these models (93), formal
statistical validation is difficult, because a comparator arm of patients
that had not received ['”’Lu]Lu-PSMA-617 was not included in the
study design. Therefore, before their use in clinical practice can be
widely adopted, clinicians must adequately understand the
assumptions and limitations of available nomograms, specifically
regarding their ability to provide real-time prognostic information
and to predict disease recurrence (91). Moreover, many clinical centers
may not have the necessary resources to measure some of the
parameters included in the available nomograms.

5 Discussion

This review examines and summarizes data for a number of potential
prognostic and predictive biomarkers for ['7/Lu]Lu-PSMA-617
treatment in patients with PSMA-positive mCRPC. While there are
some promising candidates for prognostic and predictive biomarkers in
this setting, further research is broadly needed to fully elucidate their
utility in aiding treatment decision-making. The development of
accurate tools for establishing the likelihood of disease progression
and/or treatment response will provide invaluable assistance to
clinicians in making optimal treatment-sequencing decisions, for
example, where patients have shown an apparent “complete response”
to treatment or where PSMA expression has become downregulated after
treatment. Disease progression, or the development of adverse events, are
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also important considerations for continuing or initiating therapy.
Moreover, further research is still needed to determine the right course
of action when biomarkers are discordant, such as when serum PSA and
whole-body PSMA PET SUV,,c., measurements are trending in
opposite directions after therapy.

The boundary between defining a biomarker as predictive versus
prognostic is often confusing, highlighting the importance of
appropriately designed clinical trials and validation processes to
identify the role of biomarkers as prognostic and/or predictive.
Uncertainty around the prognostic or predictive value of a
biomarker can arise from inadequate reporting of the criteria used
to determine the prognostic/predictive value of factors (94, 95).
Furthermore, it is important to recognize that selective and
incomplete reporting of prognostic factors (such as the use of
preferred definitions and omitting data) can lead to inflated
conclusions (96). The REMARK guidelines should be utilized in
the design of prognostic studies to ensure sufficient study quality and
transparent reporting (34). There are several common limitations in
study designs which further complicate interpretation of biomarker
study data. Firstly, although studies that assess and compare
treatment outcomes in biomarker-positive versus biomarker-
negative patients are informative, they often neglect to include a
comparator arm containing patients receiving a different treatment
regimen (e.g. BSoC). This is important for ascertaining predictive
utility, as a comparator arm is required for a formal statistical test for
interaction between the treatment and biomarker (33).

Furthermore, inconsistent terminology in the literature, such as
interchangeability between the use of “prognostic” and “predictive”,
can cause confusion (33), especially when some biomarkers may be
both prognostic and predictive (such as SUV,.,). For instance,
several articles cited in this review discuss the prognostic utility of a
biomarker in predicting treatment response to ['”’Lu]Lu-PSMA-617,
and so are therefore describing a predictive biomarker. Furthermore,
to determine whether a biomarker is purely prognostic, a significant
association between biomarker and outcomes needs to be established
(regardless of treatment type), and it must be shown that treatment
effects do not depend on the biomarker (33). Future clinical trials that
attempt to elucidate the prognostic and/or predictive utility of specific
biomarkers must take the above points into consideration if they wish
to be optimally informative.

Much work is still required in order to validate accurate
prognostic biomarkers for patients with mCRPC. With regard to
SUVnean as @ prognostic biomarker, although trial data provide
evidence of poorer survival outcomes in patients with a lower
SUV means regardless of their treatment (42), the resources such as
the specialized software required to assess whole-body SUV ., are
not routinely available in current clinical practice (40). This highlights
an unmet need to validate existing software in large clinical trials,
widen its availability, and provide training that will encourage its use
among healthcare professionals (HCPs). Having said this, visual
overall assessments of whole-body PSMA PET scans to determine
the level of uptake can still be undertaken and may assist HCPs in
gauging the spread of disease. Notably, [**Ga]Ga-PSMA-11 is
currently the only radiopharmaceutical approved by the FDA for
imaging PSMA-positive lesions in patients with mCRPC (88),
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although current guidelines allow for use of other PSMA radiotracers
thus far, based on their observed near-equivalence to [**Ga]Ga-
PSMA-11 (71, 89). In terms of utilizing ['*F]JFDG PET for
evaluation of MTV and its influence on disease trajectory, it was
observed that high ["®F]JFDG PET MTV was associated with lower
treatment response (measured by PSA levels), regardless of treatment
type (40). ["*F]FDG-derived MTV is a promising candidate for a
prognostic biomarker in patients with mCRPC, especially in
countries (typically in Europe and Australia) that more routinely
perform [**F]FDG PET in mCRPC.

Among other points to consider regarding PSMA PET imaging
is that PSMA is regulated in part by the AR signaling pathway (13,
97, 98). PC cells can upregulate PSMA after acute AR blockade (99),
while downregulation of PSMA is associated with tumor response
to AR-directed treatment (100), and tumors can further upregulate
PSMA at the time of AR-reactivation and treatment resistance
(101). Loss of AR expression or AR signaling dependence in a
subset of CRPC tumors, including those that develop
neuroendocrine features, may account for variations in PSMA
expression or loss of PSMA-positivity that can be seen in some
cases of CRPC (31, 98). More research is thus needed to fully
understand how AR signaling interactions affect PSMA protein
levels and how serial PET imaging can dynamically capture this
process. Furthermore, other mechanisms beyond AR signaling can
also regulate PSMA expression, though these are still yet to be fully
understood (98). Regardless, PSMA has been demonstrated to be a
functionally relevant progression marker of PC in most patients,
highlighting that imaging PSMA with PSMA PET to determine the
optimal timing of treatment may be of paramount importance.

SPECT/CT measurement of ['”’Lu]Lu-PSMA-617 uptake has also
shown some promise as a biomarker prognostic for disease outcomes
(50-53, 55), though the current data are limited and so larger studies
and standardization are required for its validation. Though liver
metastases are an established prognostic biomarker for poor clinical
outcomes in advanced mCRPC (60), there is still a need for further
prospective studies to generate data that can determine the extent that
patients with liver metastases would benefit from ['7”Lu]Lu-PSMA-617
treatment. However, if a patient presents with advanced mCRPC and
liver metastases, their prognosis is poor, and so there may be an
inclination to treat these patients with whatever treatment options
remain. ctDNA fraction and CTCs also suggest promise as prognostic
biomarkers (37), but again, studies with larger patient populations are
required to elucidate whether these can be applied in the clinical setting
at this stage, and whether dynamic changes in these parameters can be
useful for treatment decision-making. Likewise, preliminary findings
on specific cancer-related gene mutations and amplifications in ctDNA
also point to alterations with potential prognostic utility (37, 66, 67),
although again, further studies are required to establish their clinical
utility when detected before or during ['”/Lu]Lu-PSMA-617 therapy.
Taken together, the above points suggest that while there are several
very promising biomarkers with potential prognostic utility, such as
CTCs and ctDNA fraction, they all require further validation prior
to use in clinic. However, some prognostic biomarkers such as ['*F]
FDG MTYV and PSMA PET can potentially be adopted in clinic now,
though their uptake may be limited by the factors discussed above. Of
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note, in addition to clinical decision-making, emerging biomarkers
may also help understand the biologic mechanisms underlying primary
and acquired resistance to PSMA-targeted RLT that could guide future
combination treatment strategies.

While many of the data have been focused on the prognostic utility
of these aforementioned biomarkers, there is also an unmet need to
understand their predictive utility, as this informs on how particular
biomarkers may influence/predict treatment outcomes with ["Lu]Lu-
PSMA-617, thus aiding optimal treatment selection for patients with
mCRPC. While there is some evidence that pretreatment SUV e,y is a
prognostic biomarker for poorer outcomes in mCRPC, the data from
analyses of randomized controlled studies all provide compelling
evidence that it may also have utility as a predictor of response to
treatment with ['”/Lu]Lu-PSMA-617, given that higher whole-body
tumor SUV .., levels were consistently shown to predict favorable
response to treatment in the TheraP and VISION trials (40, 43, 85).
However, more data are needed, preferably from prospective
randomized trials between treated and untreated comparator arms,
regarding the utility of this biomarker as a predictor of response to
["Lu]Lu-PSMA-617. Likewise, stronger evidence for the potential of
NLR and other hematologic biomarkers as predictive biomarkers, and
for predicting hematotoxicity, is also required. Should future studies
confirm their utility, NLR and hematologic biomarkers could see rapid
uptake in clinical practice due to their relatively simple acquisition and
interpretation. Nonetheless, clinically validated data are lacking with
respect to biomarkers that can be utilized to predict response to ['7"Lu]
Lu-PSMA-617 treatment. Although multivariate modeling of VISION
data identified a number of parameters with potentially predictive
value, these require evaluation in larger, biomarker-driven, randomized
prospective trials. A summary of all the biomarkers discussed in this
review is available in Table 1.

6 Conclusion

Although we provide insights into the potential role of certain
biomarkers for providing prognostic and predictive utility, the field
is still evolving and the biomarkers discussed need further research
with appropriately designed trials before their value can be fully
elucidated. It is also unlikely that any one biomarker will provide
the adequate data needed for delivering optimal care to patients, so
further work on producing nomograms or combinatorial biomarker
scores will be required to help identify patients most suitable for
treatment with ['”’Lu]Lu-PSMA-617. Improved understanding of
the complex therapeutic environment that emerged with the
approval of multiple life-prolonging agents will also be crucial to
better integrate ['"7Lu]Lu-PSMA-617 in an effective treatment
strategy. Ongoing discussions regarding how data from PSMA
PET and other emergent biomarkers can become more widely
used in clinical practice are therefore required. In the meantime,
baseline whole-body PSMA PET visual assessments are possibly
the most robust and readily available tool we currently
have for prognosticating and predicting treatment response to
['""Lu]Lu-PSMA-617, until obtaining whole-body SUV .., data
is more common in routine clinical practice.
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