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ABSTRACT

ARTICLE HISTORY

Prostate-specific membrane antigen (PSMA) is a well-characterized cell-surface antigen with
100- to 1000-fold increased expression in prostate cancer relative to normal prostate tissue,
establishing it as a compelling therapeutic target in metastatic castration-resistant prostate
cancer (mCRPC). Decades of clinical investigation across radioligand therapy, antibody-drug
conjugates (ADCs), chimeric antigen receptor T-cell (CAR-T) therapy, and bispecific T-cell
engagers (BiTEs) have validated PSMA as a clinically actionable target. However, across these
modalities, antigen expression heterogeneity, the immunosuppressive tumor microenviron-
ment, and construct-level limitations have consistently emerged as the primary determinants
of therapeutic outcome. The approval of 7’Lu-PSMA-617 (lutetium-177 vipivotide tetraxetan;
Pluvicto) established proof-of-concept for PSMA-directed therapy in mCRPC, yet a substan-
tial proportion of patients derive limited or no durable benefit, and early immunotherapeutic
platforms encountered recurring challenges including cytokine release syndrome, immuno-
genicity, and insufficient T-cell persistence. Next-generation bispecific constructs incorpo-
rating tumor-conditional activation via molecular masking, exemplified by VIR-5500, have
demonstrated markedly improved tolerability and encouraging anti-tumor activity in Phase 1
evaluation. This review traces the clinical and biological insights that have guided successive
generations of PSMA-targeted therapeutic design and discusses the combination strategies
and molecular profiling tools that will be essential for extending durable benefit across the
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broader mCRPC population.

Introduction

Prostate-specific membrane antigen (PSMA) was
first identified in the 1980s by Horoszewicz and
colleagues at the Roswell Park Memorial Institute,
where the development of the 7E11-C5 monoclonal
antibody against the LNCaP prostate cancer cell line
established PSMA as a prostate-restricted antigenic
marker with significant clinical potential [1]. Since
its discovery, PSMA has been extensively investigated
as a therapeutic target, spurring the development of
a broad range of PSMA-directed strategies including
radioligand therapeutics, antibody-drug conjugates
(ADC:s), chimeric antigen receptor T-cell (CAR-T)
therapy, and bispecific T-cell engagers (BiTEs) [2-
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4]. While several of these approaches have demon-
strated meaningful anti-tumor activity, the field
has encountered recurring challenges related to the
immunosuppressive tumor microenvironment, an-
tigen heterogeneity, and construct-level limitations
that have informed successive generations of thera-
peutic design. Most recently, VIR-5500, a novel du-
al-masked PSMA-directed bispecific T-cell engager
currently in Phase 1 clinical evaluation, has shown
encouraging results in heavily pretreated mCRPC
[5]. The development of VIR-5500 reflects decades
of iterative progress in PSMA-directed therapeu-
tic design, and its early clinical profile provides an
opportunity to examine how construct-level inno-
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vation is shaping the future of PSMA-targeted im-
munotherapy in mCRPC. This review traces the his-
tory of PSMA-targeted therapeutic development in
mCRPC, spanning radioligand therapy and early im-
munotherapeutic platforms including ADCs, CAR-T
cells, and BiTEs through to next-generation bispecit-
ic constructs. Throughout, it examines the biological
and clinical insights that have guided each successive
wave of design and the opportunities that remain.

PSMA as a Therapeutic Target: Biology,
Expression, and Clinical Rationale

PSMA is a type II transmembrane glycoprotein
encoded by the FOLHI1 gene, consisting of a short
intracellular domain, a single transmembrane do-
main, and a large extracellular domain that houses
the catalytic active site [6]. The protein functions as
a zinc-dependent metallopeptidase with two prin-
cipal enzymatic activities: folate hydrolase activity,
which cleaves gamma-linked glutamates from poly-
glutamated dietary folates to facilitate intestinal folate
absorption, and N-acetylated alpha-linked acidic di-
peptidase (NAALADase) activity, which hydrolyzes
the neuropeptide N-acetyl-L-aspartyl-L-glutamate
(NAAG) in the central nervous system [7,8]. The
designation of FOLH1 as the official gene name re-
flects PSMA’s primary characterized role as a folate
hydrolase, though its precise physiological function
within the prostate epithelium remains incompletely
understood [9]. PSMA expression is specific to pros-
tate tissue and has 100- to 1000-fold increased ex-
pression in prostate cancer (PCa) tissues across pa-
tients [10,11]. Due to its prevalence and abundant
expression in mCRPC, PSMA has established itself as
a well-characterized and extensively pursued drugga-
ble target, motivating decades of therapeutic devel-
opment [10,11].

PSMA Radioligand Therapy: From 177Lu to
Next-Generation Alpha Emitters

The most clinically advanced PSMA-targeted
therapeutic to date is '’’Lu-PSMA-617 (lutetium-177
vipivotide tetraxetan; Pluvicto, Novartis), a radi-
oligand therapeutic consisting of two components:
PSMA-617, a small-molecule glutamate-urea-lysine
ligand that binds with high affinity and specificity to
the extracellular domain of PSMA on prostate cancer
cells, and lutetium-177 (*”’Lu), a beta-particle-emit-
ting radioisotope chelated to the ligand via a DOTA

moiety [12]. Following receptor-mediated binding
and internalization, the conjugate delivers targeted
beta-particle radiation directly to PSMA-expressing
tumor cells and the surrounding microenvironment,
inducing DNA double-strand breaks, cell cycle arrest,
and apoptosis [4,12]. The pivotal phase III VISION
trial [4] demonstrated that '"’Lu-PSMA-617 plus
best standard of care significantly improved overall
survival compared to standard of care alone (median
15.3 vs. 11.3 months; HR 0.62, 95% CI 0.52-0.74; p
< 0.001) and radiographic progression-free survival
(8.7 vs. 3.4 months; HR 0.40; p < 0.001), establish-
ing PSMA as a clinically actionable target in mCRPC.
Phase II data from the LuPSMA trial [13] further
supported this, with 64% of treated patients achiev-
ing a 250% PSA decline. While these results estab-
lished "Lu-PSMA-617 as a significant therapeutic
advance, the challenge of heterogeneous PSMA ex-
pression has motivated investigation of alpha-parti-
cle-emitting radioligand strategies with distinct bio-
physical properties.

Unlike beta emitters such as '’’Lu, alpha particles
deliver substantially higher linear energy transfer with
a shorter tissue path length, producing densely ioniz-
ing, difficult-to-repair double-stranded DNA breaks
[14,15]. Critically, alpha emitters also exert a crossfire
bystander effect that can irradiate neighboring tumor
cells with low or absent PSMA expression, an advan-
tage in heterogeneous disease [14,15]. Early clinical
experience with **Ac-PSMA-617 (actinium-225
PSMA-617) in heavily pretreated mCRPC patients,
including those refractory to prior '’’Lu-PSMA-617,
demonstrated PSA, responses in approximately 67%
of patients across retrospective series, with complete
PSA remissions observed even in patients with exten-
sive prior treatment [14,15]. The clinical development
of ***Ac-PSMA-617 is now advancing into prospec-
tive randomized evaluation. The AcTFirst trial [16]
is an ongoing phase III study evaluating ***Ac-PS-
MA-617 in combination with an androgen receptor
pathway inhibitor (ARPI) versus investigator’s choice
of standard of care in ARPI-pretreated, taxane-naive,
RLT-naive patients with PSMA-positive mCRPC.
Standard of care options include ARPI change, tax-
ane-based chemotherapy, or '’’Lu-PSMA-617 (Clini-
calTrials.gov, NCT06855277). The PSMACTION [17]
trial is a complementary phase II/III randomized
study similarly evaluating ***Ac-PSMA-617 versus
standard of care in patients who have progressed on



or after prior '’Lu-PSMA therapy, with enrollment
now underway across 13 sites in 7 countries (clinical-
trials.gov, NCT06780670).

Despite these advances in radioligand design,
marked PSMA expression heterogeneity and vari-
able treatment response remain consistent features
of the mCRPC landscape. The extent to which ra-
dioligand therapy can achieve uniform therapeutic
benefit across the broader patient population contin-
ues to be an important area of investigation. A key
contributor to this variability is the dynamic regula-
tion of PSMA expression at the tumor cell surface.
Membranous PSMA expression in mCRPC exhibits
significant inter- and intra-patient variability and is
closely linked to DNA damage repair (DDR) gene
aberrations [18]. Consequently, tumors lacking DDR
defects may express substantially lower PSMA levels,
limiting their susceptibility to radioligand-mediated
cytotoxicity [18]. This biological heterogeneity trans-
lates directly into differential clinical outcomes. In
a cohort of 85 mCRPC patients, low average PSMA
expression on pre-therapeutic **Ga-PSMA-PET/CT
was identified as an independent negative prognos-
ticator of overall survival (5.3 vs. 15.1 months; HR
3.74; p < 0.001) [19]. The presence of even a single
low-PSMA-expressing metastasis was independent-
ly associated with markedly different outcomes (7.9
vs. 21.3 months; HR 4.30; p = 0.006), illustrating
how intra-patient tumoral antigen heterogeneity
rather than peak expression governs therapeutic effi-
cacy [19]. Higher baseline PSMA-PET SUVmean has
been shown to predict superior response to ’’Lu-PS-
MA-617 [20]. Conversely, patients with high-volume
FDG-avid, PSMA-discordant disease, representing a
dedifferentiated PSMA-low phenotype, showed nota-
bly different outcomes regardless of treatment assign-
ment [20]. Collectively, these data affirm PSMA as a
clinically validated therapeutic target while demon-
strating that its heterogeneous expression landscape,
shaped by epigenetic regulation, DDR gene status,
and tumor dedifferentiation, underscores the need
for improved patient stratification and combination
approaches that extend therapeutic coverage beyond
PSMA expression alone [18,19,21,22].

Antibody-Drug Conjugates: Payload Refinement
and Dual-Target Strategies

Substantial effort has also been invested in PS-
MA-targeted antibody-drug conjugates (ADCs),
which deliver cytotoxic payloads directly to PS-
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MA-expressing tumor cells via receptor-mediated in-
ternalization [3,23]. These agents have provided im-
portant insights into the construct requirements for
effective PSMA-targeted cytotoxic delivery, and their
clinical development has directly informed next-gen-
eration design. MLN2704 was the first PSMA-direct-
ed ADC to enter clinical evaluation, consisting of
the maytansinoid cytotoxin DM1 conjugated to the
humanized J591 anti-PSMA antibody [3]. The phase
I trial demonstrated targeted delivery to PSMA-ex-
pressing cells, though dose-limiting peripheral neu-
ropathy and modest antitumor activity indicated the
need for continued construct refinement. A subse-
quent PSMA-directed ADC employing monometh-
yl auristatin E (MMAE) as its cytotoxic payload
demonstrated limited efficacy, with a PSA,, decline
rate of only 14% in second-line or beyond mCRPC,
and was similarly constrained by cumulative toxicity
[23]. Notably, these early findings were attributable
to construct-level considerations rather than absence
of target engagement, and PSMA internalization was
confirmed in both trials, an important distinction
that has guided next-generation ADC design.

Next-generation PSMA ADC development has
focused on refining payload design and conjuga-
tion chemistry to overcome the construct-level
barriers identified in earlier generations. ARX517,
composed of a fully humanized anti-PSMA mono-
clonal antibody linked to the microtubule inhibitor
amberstatin-269 via site-specific conjugation chem-
istry, is currently under evaluation in the Phase I/II
APEX-01 trial [24]. ARX517 is designed to achieve
a homogeneous drug-to-antibody ratio and reduce
the oft-target instability-related toxicity observed in
earlier-generation PSMA ADCs [24]. The ADC re-
ceived FDA Fast Track Designation in July 2023, and
early data from APEX-01 have demonstrated a favor-
able safety profile alongside encouraging antitumor
activity. Deep PSA and ctDNA reductions as well as
confirmed RECIST vl1.1 responses were observed in
heavily pretreated mCRPC patients, with full peer-re-
viewed eflicacy data anticipated [24].

Beyond payload optimization, next-generation
ADC development has also sought to address the an-
tigen heterogeneity that limits the reach of single-tar-
get approaches. ABBV-969 is a first-in-class bispe-
cific ADC targeting both PSMA and STEAPI via a
dual variable domain immunoglobulin format with
a topoisomerase-1 inhibitor payload [25]. It was spe-
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cifically designed to capture tumor cells expressing
either or both antigens, broadening the therapeutic
coverage of PSMA-low tumor populations. Phase I
data from the first-in-human study reported a con-
firmed objective response rate of 45% among 29 RE-
CIST-evaluable heavily pretreated mCRPC patients,
with PSA_ and PSA  responses in 67% and 28% of
patients, respectively, at active dose levels, represent-
ing a notable early ADC efficacy signal in this disease
[25].

The progression from early PSMA ADC genera-
tions to next-generation constructs reflects a delib-
erate evolution in both payload design and antigen
targeting strategy. These advances demonstrate that
the construct-level limitations of earlier ADC gen-
erations were surmountable, and that PSMA inter-
nalization and target engagement remain valid and
exploitable features of prostate cancer biology [3,23].

CAR-T Cell Therapy: TME Resistance and Emerging
Engineering Strategies

PSMA-directed CAR-T therapy faces a distinct
set of challenges in mCRPC, where the immuno-
suppressive tumor microenvironment presents a
more direct obstacle to sustained immune engage-
ment than to cytotoxic payload delivery. mCRPC
tumors are immunologically cold, characterized by
low MHC-I antigen presentation and a profoundly
immunosuppressive TME [26]. This TME is char-
acterized by heterogeneous antigen expression, an
abundance of inhibitory cytokines, immunosuppres-
sive stromal populations, and regulatory T cells that
collectively suppress effector immune-cell function
and contribute to disease progression [27,28]. These
localized features render mCRPC largely refractory
to immune checkpoint blockade, and have similarly
influenced the activity of T-cell-based immune thera-
peutic strategies, including PSMA-directed chimeric
antigen receptor T-cell (CAR-T) therapy [2,29]. De-
spite the compelling rationale for PSMA as a thera-
peutic target in this setting, the clinical translation of
PSMA-directed CAR-T therapy has been shaped by
a convergent set of obstacles: inadequate T-cell per-
sistence, an inability to sustain engagement within
the immune-suppressive TME, dose-limiting toxici-
ty, and the emergence of antigen heterogeneity-driv-
en resistance [2]. These observations have motivated
substantial re-engineering efforts aimed at overcom-
ing the specific biological barriers imposed by the
mCRPC TME on adoptive cellular immunotherapy.

Early clinical experience with PSMA-directed
CAR-T therapy illustrated these barriers in detail.
The prostate TME is enriched in transforming growth
factor-beta (TGF-P) and populated by tumor-associ-
ated macrophages and myeloid-derived suppressor
cells. These immune-suppressive populations drive
T-cell exhaustion and limit effector persistence,
posing a fundamental obstacle to PSMA-directed
CAR-T therapy [28]. The first-in-human phase I tri-
al of CART-PSMA-TGFPRDN evaluated a CAR-T
construct incorporating a dominant-negative TGF-[3
receptor to render the CAR-T cells resistant to TGF-
B-driven immunosuppression [30]. Transient antitu-
mor activity was observed, with one patient achiev-
ing a greater than 98% PSA reduction [30]. The trial
also provided important insights into TME complex-
ity: 5 of 13 treated patients developed grade >2 cy-
tokine release syndrome (CRS), including a grade 4
CRS event with concurrent sepsis [30]. Additionally,
in patients who initially responded, CAR-T cell ac-
tivity was accompanied by the upregulation of mul-
tiple alternative TME-localized inhibitory molecules
following adoptive cell transfer [30]. This finding
highlighted that neutralizing a single immunosup-
pressive signal may be insufficient to sustain durable
anti-tumor activity when the TME retains the capac-
ity to engage in compensatory adaptive mechanisms.

A subsequent phase I trial of P-PSMA-101, an
autologous stem cell memory T-cell (T~SCM~)-en-
riched construct specifically engineered to im-
prove in vivo engraftment and persistence, sought
to address the T-cell fitness limitation directly [31].
In this trial, CRS occurred in 61% of 33 treated pa-
tients, dose-limiting toxicities were observed in 18%,
and activation of an inducible caspase-9 safety switch
was required in 24% of patients [31]. These findings
illustrate the ongoing tension between the immune
activation necessary for anti-tumor efficacy and the
systemic toxicity that shapes deliverable dose intensi-
ty in this patient population.

Building on these insights, the next generation
of PSMA-directed CAR-T design has incorporated
multi-layered engineering strategies designed to si-
multaneously address antigen heterogeneity, TME
suppression, and T-cell persistence. AB-3028 (Ar-
senalBio) exemplifies this approach [32]. The AB-
3028 construct employs a dual-antigen logic gate
for tumor-selective recognition, limiting activity
to cells co-expressing both target antigens. To re-
sist TGF-p-mediated suppression within the TME,



an shRNA module targeting TGFBR2 is also incor-
porated. Additionally, a synthetic pathway activa-
tor enhances T-cell persistence through JAK/STAT
signaling. Preclinical data demonstrated selective
anti-tumor activity, superior functional persistence
relative to earlier single-module constructs, and a
survival benefit supporting the initiation of a Phase
I/1I clinical trial now underway in mCRPC [32,33].

Bispecific T-Cell Engagers: From First-Generation
Limitations to Tumor-Conditional Activation

The microenvironmental and immunogenic chal-
lenges encountered in PSMA-directed CAR-T devel-
opment have been similarly observed in bispecific
T-cell engager (BiTE) therapy [34]. Unlike CAR-T
cells, BiTEs redirect endogenous T cells to PSMA-ex-
pressing tumor cells through simultaneous CD3
and PSMA engagement and have yet to encounter
a comparable pattern of clinical obstacles. Pasotux-
izumab, the first PSMAXCD3 BiTE to enter clinical
testing, was associated with the development of neu-
tralizing anti-drug antibodies (ADAs) in all patients
receiving subcutaneous administration, directly
curtailing drug exposure and necessitating early
termination of that dosing arm [35]. JNJ-63898081,
a subsequent PSMAXxCD3 bispecific antibody, yield-
ed a PSA_ response rate of only 7.7% across 39 pa-
tients, with every patient experiencing at least one
treatment-emergent adverse event and 19 patients de-
veloping treatment-emergent ADAs, informing early
discontinuation [36]. Acapatamab, a half-life-ex-
tended BiTE designed to improve pharmacokinetics
and prolong T-cell engagement, achieved confirmed
PSA,, responses in 30.4% of dose-expansion pa-
tients, representing a significant BiTE eflicacy signal
in the class. However, CRS was observed in over 97%
of patients across cohorts; treatment-emergent ADAs
were detected in 55% and impacted serum drug expo-
sure in 36% [37]. Durable antitumor activity was not
sustained, leading to discontinuation of its clinical de-
velopment [37]. Across all three BiTE programs, the
recurring themes of immunogenicity, CRS-imposed
dose constraints, and transient rather than sustained
T-cell engagement within an immune-cold, hetero-
geneously PSMA-expressing tumor have pointed to
a common underlying biology and directly informed
next-generation construct design [35-37].

These clinical insights from first-generation BiTE
studies have driven a fundamental evolution in con-
struct design. The recurring obstacles were mech-
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anistically consistent: uncontrolled systemic T-cell
activation producing prohibitive cytokine release
syndrome (CRS), immunogenicity-driven phar-
macokinetic challenges, and an inability to sustain
T-cell engagement within an immunosuppressive
TME [35-37]. The next generation of PSMA-target-
ing bispecific platforms has directly addressed these
considerations through two converging engineering
strategies. The first is tumor-conditional activation
via molecular masking, and the second is co-stimula-
tory rather than direct CD3-activating T-cell engage-
ment. Each approach is designed to decouple anti-tu-
mor efficacy from the systemic toxicity observed in
previous approaches.

The most compelling evidence of this design evo-
lution comes from VIR-5500, a dual-masked PS-
MAxCD3 bispecific T-cell engager incorporating
the PRO-XTEN® masking technology developed by
Vir Biotechnology [5]. The foundational principle of
VIR-5500 is tumor-selective activation: the bispecific
molecule is rendered systemically inert by dual pep-
tide masks that are specifically cleaved by proteases
dysregulated within the tumor microenvironment,
concentrating T-cell-activating activity at the tumor
site while minimizing off-tumor CD3 engagement
in healthy tissues [5]. This mechanistic refinement
has produced a markedly improved clinical profile
relative to first-generation PSMA BiTEs. In updat-
ed Phase 1 dose-escalation data reported at the 2026
ASCO Genitourinary Cancers Symposium, 58 heav-
ily pretreated mCRPC patients received VIR-5500
monotherapy across dose levels ranging from 30 to
4,000 pg/kg. No dose-limiting toxicities were ob-
served; CRS was largely abrogated and restricted to
grade 1 events only, and there was a low rate of grade
>3 treatment-related adverse events without the need
for prophylactic corticosteroids or anti-IL-6 agents
at doses up to 3,500 pug/kg Q3W5. In contrast to the
CRS rates exceeding 97% observed with acapatamab
[5,37], this tolerability profile is consistent with the
tumor-selective activation mechanism conferred by
PRO-XTEN masking. Importantly, the improved
safety margin did not come at the cost of efficacy: at
doses 23,000 pg/kg Q3W, 82% of patients achieved
a PSA, decline, 53% achieved a PSA decline, and
a 45% objective response rate was observed among
11 RECIST-evaluable patients, with all confirmed
responses demonstrating emerging durability at the
highest dose cohorts [5]. These early signals of en-
couraging anti-tumor activity in a heavily pretreated
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population provide clinical validation of the PRO-
XTEN masking strategy as an advance in the thera-
peutic index of PSMA-directed T-cell engager ther-
apy for mCRPC. Building on this profile, VIR-5500
has since entered dose-expansion cohorts in late-line
mCRPC and combination cohorts with androgen re-
ceptor pathway inhibitors, with pivotal Phase 3 tri-
als anticipated in 2027 [38].

A related and complementary engineering strate-
gy is represented by JANX007 (Janux Therapeutics),
a PSMA-directed Tumor Activated T Cell Engager
(TRACTr) that similarly employs protease-cleavable
masking of both the PSMA-binding and CD3 do-
mains to achieve tumor-selective T-cell activation
[39]. In updated Phase 1 interim data from the EN-
GAGER-PSMA-01 trial [40] (NCT05519449), 109
patients were treated across Phase 1a dose-escalation
and Phase 1b expansion cohorts as of the October
15, 2025 data cutoft. Patients enrolled in the Phase 1a
dose-escalation cohort were heavily pretreated with a
median of four prior lines of therapy, while Phase 1b
enrolled taxane-naive mCRPC patients. Among 27
RECIST-evaluable patients, JANX007 demonstrated
a 30% objective response rate, including confirmed
and unconfirmed partial responses, alongside high
PSA response rates and deep PSA declines across co-
horts [39]. A radiographic progression-free survival
of 7.9-8.9 months was observed in the Phase 1a pop-
ulation, representing a meaningful durability signal
in this heavily pretreated setting [39]. The engager
was generally well tolerated with a manageable CRS
profile, and an every-two-week dosing schedule was
found to maintain efficacy while improving patient
convenience [39].

Nezastomig (REGN5678) takes a distinct approach
to T-cell engagement, targeting PSMAXCD28 to am-
plify co-stimulatory signaling rather than directly ac-
tivating CD3 [41]. It is administered in combination
with the PD-1 inhibitor cemiplimab, representing the
first clinical evaluation of a co-stimulatory bispecit-
ic strategy in mCRPC [41]. Updated Phase 1/2 data
demonstrated that at active dose levels of >30 mg,
25% of patients achieved PSA50 responses and 16%
achieved PSA, responses [41]. The Kaplan-Meier
estimated median overall survival was 17.3 months
at these dose levels compared to 10.3 months at
sub-therapeutic doses [41]. These data provide early
clinical evidence that co-stimulatory bispecific ap-
proaches can engage mCRPC in a setting character-
ized by resistance to checkpoint blockade monother-

apy [41].

Collectively, the convergent clinical signals from
VIR-5500, JANX007, and Nezastomig demonstrate
that the challenges encountered by first-generation
PSMA BiTE therapy were construct-driven, not tar-
get-driven. Precision engineering of T-cell engage-
ment through tumor-conditional activation and op-
timized co-stimulatory design is now beginning to
demonstrate the anti-tumor potential of PSMA-di-
rected immunotherapy in mCRPC.

Future Directions: Combination Strategies,
Antigen Co-Targeting, and Patient Selection

The collective experience across radioligand ther-
apy, ADCs, CAR-T, and BiTE programs has substan-
tially advanced the field’s understanding of PSMA as
a therapeutic target while affirming that continued
investment in PSMA-directed strategies is well justi-
fied. The central challenge is not target validity, but
an incomplete understanding of the tumor-intrinsic
biology that governs response and resistance. While
clinical data consistently demonstrate the presence
of both responders and non-responders across PS-
MA-targeted modalities, the molecular determinants
underlying this heterogeneity remain an active area
of investigation. In the VISION trial, for example,
only approximately one-third of patients achieved
a PSA, response, indicating that target expression
alone is insufficient to predict therapeutic outcome
[4]. One contributor to this variability may be the dy-
namic regulation of PSMA expression itself. Epigene-
tic modulation of FOLH1 suggests that heterogeneity
in PSMA expression across metastatic sites and mo-
lecular subtypes reflects reversible regulatory states
rather than genomic loss, raising the possibility that
therapeutic susceptibility may be modifiable [42]. In
parallel, the oncogenic transcription factor HOXB13,
implicated in resistance to androgen receptor-tar-
geted therapies, has been identified as a significant
correlate of PSMA expression at both the mRNA and
protein levels, with PSMA-PET SUV values associ-
ating with HOXB13 expression across independent
cohorts [43]. Given that HOXB13 expression itself is
epigenetically regulated in prostate cancer, the con-
vergence of these findings may suggest a coherent
upstream regulatory axis in which epigenetic state
drives PSMA-relevant transcriptional programs, with
direct implications for predicting and potentially
modulating therapeutic susceptibility.

A deeper mechanistic understanding of PSMA ex-
pression states and the immune cell populations that
characterize disease progression following PSMA-di-



rected therapies will be essential for identifying ratio-
nal combination strategies. Of particular importance
is the immune landscape at the time of progression,
whether dominated by exhausted T cells, expanded
regulatory populations, or enriched myeloid-derived
suppressor cells, as this will determine which com-
binatorial immune interventions are most likely to
enhance therapeutic sensitivity. In this context, the
rationale for combining radioligand therapy with
immunotherapy is compelling: radiation-induced
immunogenic cell death may remodel the tumor mi-
croenvironment, enhance T-cell infiltration, and po-
tentially engage immunologically cold mCRPC to-
ward a more therapeutically responsive state [44,45].
The ENZA-p phase II trial provided the first random-
ized evidence supporting combinatorial PSMA-di-
rected radioligand therapy, demonstrating that add-
ing ""Lu-PSMA-617 to enzalutamide reduced the
risk of death by 45% compared to enzalutamide alone
in poor-risk mCRPC patients, with a median over-
all survival of 34 months in the combination arm
versus 26 months with enzalutamide monotherapy
[46] (HR 0.55; 95% CI 0.36-0.84; p = 0.005). Early
studies combining '”"Lu-PSMA-617 with pembroli-
zumab have also shown encouraging preliminary sig-
nals [44]. The EVOLUTION trial, which combined
7Lu-PSMA-617 with ipilimumab and nivolumab,
observed treatment-related myocarditis in a subset
of patients, highlighting that combination regimen
design requires careful attention to immune-related
toxicity and mechanistic rationale in patient selection
[47].

Realizing the full potential of PSMA-directed
combination therapy will require parallel invest-
ment in high-resolution molecular profiling ap-
proaches, including functional and spatial genomics,
high-throughput transcriptomics, and correlative
histopathology. These tools are critical for resolving
the spatial architecture of PSMA expression hetero-
geneity and immune cell distribution at the level of
individual metastatic lesions. Recent spatial tran-
scriptomic studies in prostate cancer have begun to
provide granular biological details that bulk genomic
approaches cannot. A specific SPP1*/TREM2* tu-
mor-associated macrophage subpopulation has been
identified as spatially enriched within metastatic
prostate tumor regions and independently associat-
ed with clinical outcomes [48]. Blockade of SPP1 in
a murine model improved anti-PD-1 efficacy and in-
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creased CD8" T-cell infiltration, illustrating the kind
of spatially resolved mechanistic insight that will be
valuable in designing rational immune combinations
[48]. Applying these approaches to paired pre- and
post-treatment biopsies from patients receiving PS-
MA-targeted therapies represents a key and under-
explored area of investigation. Capturing tumor state
before treatment, at response, and at progression
could directly inform the design of next-generation
combination trials [45,49].

Conclusion

The trajectory of PSMA-targeted therapeutic de-
velopment in mCRPC spans four decades, from the
initial identification of PSMA as a prostate-restrict-
ed antigenic marker [1] to the clinical validation of
77Lu-PSMA-617 in the VISION trial [4]. The con-
struct-level insights generated by first-generation
ADC, CAR-T, and BiTE programs [23,30,31,35-37]
and the early efficacy signals now emerging from
next-generation platforms such as VIR-55005 collec-
tively reflect a field that has advanced through iter-
ative cycles of biological discovery and therapeutic
refinement. What has limited therapeutic outcomes
is not the target itself, but rather construct design,
tumor microenvironment biology, and the hetero-
geneous regulation of PSMA expression [18,21,22].
The epigenetic and transcriptional mechanisms gov-
erning PSMA expression across metastatic sites, the
upstream regulatory roles of drivers such as HOXB13
[42,43], and the immune landscape at progression
[28] remain the field’s most important open ques-
tions. Answering these questions through rigorous
correlative science embedded within clinical trials
will be essential for designing rational combination
strategies [44,46] and patient selection frameworks.
Together, these advances will be necessary to extend
durable benefit across the broader mCRPC popu-
lation and realize the full therapeutic potential that
decades of investment in PSMA biology have estab-
lished.
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