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Abstract

Background: Triple-negative breast cancer (TNBC) is an aggressive subtype lacking effective targeted
therapies. Prostate-specific membrane antigen (PSMA) is expressed on the neovasculature of many solid tumors,
including breast cancer, making it a potential vascular target for radioligand therapy (RLT). However, whether
the therapeutic efficacy of the clinically approved PSMA-targeted radioligand ['77Lu]Lu-PSMA-617 in TNBC is
strictly dependent on PSMA binding or may involve off-target cross-reactivity (e.g., with fibroblast activation
protein, FAP) remains unclear.

Methods: Female BALB/c mice bearing subcutaneous 4T1 TNBC tumors were randomly assigned to four groups
(n = 3 each): control (saline), ['77Lu]Lu-PSMA-617 alone (18.5 MBgq, single intravenous injection), E-urea-K
(abbreviated as EK) pre-blocking (excess EK injected 30 min before the radioligand to compete for PSMA
binding), and FAPI-04 pre-blocking (FAPI-04 injected 30 min before the radioligand to block FAP). Tumor growth
was monitored every two days. SPECT/CT imaging was performed at 1, 4, and 24 h post-injection, and ['8F]F-
FDG PET/CT was performed on day 7. Tumor tissues were collected for TUNEL apoptosis staining, y-H2AX
immunofluorescence (DNA damage), and PSMA/CD31 co-immunofluorescence.

Results: ['77Lu]Lu-PSMA-617 monotherapy significantly suppressed tumor growth, reduced ['8F]F-FDG uptake,
induced DNA double-strand breaks (y-H2AX foci) and apoptosis (TUNEL). Moreover, SPECT/CT imaging
revealed specific tumor accumulation of ['77Lu]Lu-PSMA-617. EK pre-blocking almost completely abolished all
these effects, whereas FAPI-04 pre-blocking had no impact. Inmunofluorescence revealed PSMA co-localization
with CD31 on tumor vascular endothelium, confirming a vascular-targeting mechanism.

Conclusion: The therapeutic efficacy of ['77Lu]Lu-PSMA-617 in the 4T1 TNBC model is strictly dependent on
specific PSMA binding and is not mediated by FAP cross-reactivity. The radioligand acts primarily by damaging
PSMA-positive tumor vasculature, leading to DNA damage, apoptosis, and metabolic inhibition. These findings
establish PSMA as a reliable vascular target for RLT in TNBC and support further clinical translation.

Keywords: triple-negative breast cancer, prostate-specific membrane antigen, [7Lu]Lu-PSMA-617, radioligand therapy, tumor
angiogenesis

Introduction

Breast cancer remains the most commonly  an estimated 2.3 million new cases and 764,000 deaths
diagnosed malignancy worldwide and the leading  globally in 2023 [1]. Triple-negative breast cancer
cause of cancer-related mortality among women, with (TNBC), accounting for 10-20% of all breast cancers, is
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among the most aggressive subtypes, with high
metastatic capacity and a dismal prognosis [2, 3]. The
clinical management of TNBC is particularly
challenging due to the absence of estrogen receptor
(ER), progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2) expression.
This lack of targetable receptors renders TNBC
unresponsive to conventional endocrine therapies and
HER2-targeted agents, leaving cytotoxic
chemotherapy as the prevailing clinical standard [4, 5].
While patients may respond well initially, over half
will relapse within 3 to 5 years after treatment [6, 7].
Despite recent advances with antibody-drug
conjugates, CDK4/6 inhibitors, and immune
checkpoint inhibitors in specific breast cancer
subtypes, resistance and relapse remain major
obstacles, and effective therapies for TNBC are still
limited [8-10]. Clinically, this aggressive behavior is
reflected in the high metastatic potential of TNBC,
with approximately 46% of patients eventually
developing distant metastases. Pathologically, this
propensity for hematogenous dissemination is closely
linked to the exceptionally high microvascular density
characteristic of this subtype [11-13], which not only
facilitates tumor cell intravasation but also
underscores the critical role of angiogenesis in TNBC
progression.

The process of angiogenesis, which underlies
tumor neovascularization, plays a pivotal role in
tumor growth, progression, and metastatic
dissemination [14, 15]. Consequently, the tumor-
associated vasculature has emerged as an attractive
therapeutic target [16, 17]. Despite the wuse of
bevacizumab in trials such as AVADO, RIBBON-1,
and RIBBON-2, no overall survival benefit has been
observed in metastatic breast cancer [18, 19]. These
disappointing outcomes underscore the urgent need
for alternative therapeutic approaches targeting the
tumor vasculature through distinct molecular
mechanisms.

Prostate-specific membrane antigen (PSMA) has
recently been demonstrated to be widely expressed on
the neovasculature endothelium of various solid
tumors, including breast cancer, renal cell carcinoma,
and glioblastoma, while being virtually absent on
normal vascular endothelium [20-23]. In breast cancer,
60-74% of primary tumors and metastatic lesions
exhibit PSMA-positive vasculature, which is closely
associated with high tumor grade, increased
proliferative activity, and poor prognosis [24, 25].
Mechanistic studies have revealed that PSMA
promotes endothelial cell invasion and angiogenesis
by modulating integrin signaling pathways, and its
expression is upregulated under hypoxic conditions
and tumor microenvironment stimulation [26, 27].

1941

PSMA ligands developed based on the E-urea-K
(abbreviated as EK) structure, such as PSMA-617 and
PSMA-I&T, have achieved clinical success in the
diagnosis and treatment of prostate cancer [28-31].
['77Lu]Lu-PSMA-617 radioligand therapy significantly
prolonged overall survival in patients with metastatic
castration-resistant prostate cancer in the phase III
VISION trial [30]. Heesch et al. have demonstrated the
therapeutic efficacy of ['77Lu]Lu-PSMA-1&T in MDA-
MB-231 TNBC xenograft models [22]. However, the
therapeutic potential of [V77Lu]Lu-PSMA-617—the
clinically approved specific PSMA ligand —in breast
cancer has not been systematically evaluated. More
importantly, previous studies have not sufficiently
verified whether the therapeutic efficacy is indeed
specifically mediated by PSMA or might result from
non-tumorous uptake through other tumor-associated
molecules, such as fibroblast activation protein (FAP).
FAP is highly expressed on cancer-associated
fibroblasts in various tumors, and some PSMA ligands
may exhibit cross-reactivity [32, 33].

The 4T1 syngeneic breast cancer model exhibits
rich neovasculature and can recruit cancer-associated
fibroblasts (CAFs) that express high levels of FAP,
thereby closely recapitulating the pro-tumorigenic
stromal microenvironment of human triple-negative
breast cancer [34-36]. Therefore, in this study,
tumor-bearing mice of the 4T1 breast cancer model
were treated with saline, [177Lu]Lu-PSMA-617 alone,
EK injection 30 min prior to [V77Lu]Lu-PSMA-617, or
FAPI-04 injection 30 min prior to ['77Lu]Lu-PSMA-617.
By comparing tumor growth inhibition, survival
prolongation, FDG uptake, and histopathological
endpoints among these treatment conditions, we aim
to determine whether the therapeutic efficacy of
['*7Lu]Lu-PSMA-617 is specifically dependent on
PSMA binding and to exclude potential non-specific
uptake contributions mediated by FAP.

Materials and Methods

Procurement of ['77Lu]Lu-PSMA-617 and
['8F]JF-FDG

A commercially available [®F]F-FDG solution
was obtained from Shanghai Atom Kexing
Pharmaceutical Co., Ltd. [Y7Lu]Lu-PSMA-617
injection solution (PLUVICTO®, Advanced
Accelerator Applications, Meldola, Italy) was
purchased with a radioactive concentration of
1000 MBq/mL at the time of calibration.

Cell culture

The 4T1 cell line (Shanghai Chuan Qiu
Biotechnology Co., Ltd, Shanghai, China) was
cultured in DMEM (Gibco, Germany) supplemented
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with  10%  fetal bovine serum and 1%
penicillin/streptomycin (Gibco, Germany) at 37 °C and
5% COa.

Tumor model and study design

All experiments were approved by the Animal
Ethics Committee of Shanghai Pulmonary Hospital
(K25-004Y), and all methods were carried out in
accordance with relevant guidelines and regulations.
The reporting in this manuscript adhered to the
recommendations in the ARRIVE guidelines.

Female BALB/c mice (Spbif (Beijing)
Biotechnology Co., Ltd.) at 6-8 weeks of age were used
for syngeneic TNBC tumor model. For each mouse,
1 x 106 4T1 cells were resuspended in a mixture of 100
uL culture medium and 100 uL Matrigel (Corning, NY,
USA). Mice were inoculated at the base of the left
forelimb. Tumor growth was monitored every two
days using caliper measurements. When the tumor
volume reached approximately 200 mm?, the mice
were randomly assigned to different treatment groups
and the therapy was initiated. The formula for
calculating tumor volume is as follows: (length x
width?)/2. Tumor volume > 1000 mm?, mortality,
ulceration of tumor tissue, or > 20 % weight loss were
defined as humane endpoints.

Animals were randomly distributed into 4
groups: Control (n = 3), [7Lu]Lu-PSMA-617
monotherapy (18.5 MBq) (n = 3), EK pre-blocking (EK,
100 pg per mouse, injected 30 min before the
radioligand to compete for PSMA binding) (n =3), and
FAPI-04 pre-blocking (FAPI-04, 100 pg per mouse,
injected 30 min before the radioligand to block FAP) (n
=3).

['"7Lu]Lu-PSMA-617 therapy

Under anesthesia with 1.5-2.5% isoflurane in
medical-grade compressed air at 0.8 L/min, mice
received an intravenous injection of ["”7Lu]Lu-PSMA-
617 (18.5 MBgq, diluted in 0.9% NaCl to 150 pL) via the
lateral tail vein. The administered dose was calculated
by subtraction of decay-corrected syringe activity
post-injection from preinjection activity.

Small animal SPECT/CT imaging

SPECT/CT imaging (Molecubes
y-Cube/X-Cube) was performed as previously
described [37] with the following parameters: 50 kV,
30 pA, 20 min acquisition.

The biodistribution data of [*77Lu]Lu-PSMA-617
was used to characterize the organ and tumor time-
activity curves. These curves were fitted with mono-
exponential curves to enable integration over time,
leading to Time Integrated Activity (concentration)
Coefficients ([TIAC]). Absorbed doses to the mouse
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organs and tumor per injected activity (IA) were
calculated according to the modified MIRD equation
[38]:

% =2, [TIAC(r, )] xm(1,)x S(r, < r,)

with r; the target organ or tumor, rs the source
organ, m(rs) the mass of the source organ and S(ry—rs)
the S-value. Both the organ masses and the S-values
were taken from the RADAR 25 g mouse phantom
[39]. The tumor absorbed doses were calculated by
using the sphere S-values from the Olinda dosimetry
software [40].

Small animal PET/CT imaging

High-resolution images were acquired using a
MadicLab Micro PET/CT system (MadicLab PSA094,
Madic Technology, China). Mice were fasted for 8 h
and then weighed. Mice were anesthetized with 2%
isoflurane at an oxygen flow rate of 1 L/min. After
anesthesia, 5.55 MBq of ['8F]F-FDG was injected via the
tail vein, and the mice were then placed on the
scanning bed. For ['8F]F-FDG PET/CT, a single scan
was performed at 1 h p.i. Image acquisition and
reconstruction were performed using MadicLab
Acquisition Workplace, which sequentially executes
PET acquisition, CT acquisition, PET reconstruction
and CT reconstruction.

Image reconstruction was accomplished using a
three-dimensional ordered subsets expectation
maximization algorithm, followed by maximum a
posteriori (MAP), as provided by MadicLab
Acquisition Workplace. For each experimental set,
three mice were utilized as parallel samples.

H&E staining

After treatment completion, mice were
euthanized via overdose anesthesia. Tumor tissues
were harvested, fixed in 10% buffered formalin, then
dehydrated through graded ethanol, cleared in xylene,
and embedded in paraffin. Paraffin-embedded tissues
were sectioned at 4 pm, deparaffinized, and
subsequently stained with hematoxylin and eosin
(H&E). Briefly, sections were stained with Harris
hematoxylin for 5-10 min, differentiated in 0.5% acid
alcohol for 2-5 sec, blued in dilute ammonia water,
then stained with 0.5% eosin for 2-5 min. After
dehydration through graded ethanol and clearing in
xylene, sections were mounted with neutral resin.
H&E-stained sections were imaged using an inverted
fluorescence microscope (Olympus BX43, Olympus
Corporation, Japan).

TUNEL staining
TUNEL staining was performed according to the
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manufacturer’s  instructions.  Briefly, paraffin-
embedded tissue sections were deparaffinized in
xylene and rehydrated through graded ethanol to
distilled water. Sections were then incubated with
proteinase K (20 pg/mL) for 15-30 min at 37°C to
permeabilize the tissue. After washing with PBS, the
TUNEL reaction mixture (containing terminal
deoxynucleotidyl transferase and fluorescent-labeled
nucleotides) was applied to the sections and incubated
for 60 min at 37°C in a humidified chamber. Nuclei
were counterstained with DAPI (1 pg/mL) for 5 min.
Following thorough washing, slides were mounted
with neutral resin. Image acquisition was performed
using an inverted fluorescence microscope. TUNEL-
positive cells (apoptotic cells) exhibited green
fluorescence, while all nuclei were stained blue with
DAPL

Immunohistochemical staining

Immunohistochemical (IHC) staining was
performed on formalin-fixed, paraffin-embedded
tumor sections using an antibody against y-H2AX
(1:100, 7631S, Cell Signaling Technology, MA, USA).
The percentage of y-H2AX-positive nuclei was
quantified to assess DNA double-strand breaks. The
average optical density (AOD) of y-H2AX-positive
staining was measured to assess DNA double-strand
breaks.

Immunofluorescence staining

Sections were washed with PBS, permeabilized
for 5 min with 0.1% Triton X-100/PBS, and blocked for
90 min with 5% goat serum at room temperature.
Samples were incubated overnight at 4°C with
primary mouse anti-PSMA (1:500, 13163-1-AP,
Proteintech, Wuhan, China) or rabbit anti-CD31
(1:2000, ab182981, Abcam, Shanghai, China)
antibodies. After washing 3 x with PBS, sections were
incubated with goat anti-rabbit Alexa Fluor 488 and
goat anti-mouse Alexa Fluor 555 antibodies for 1.5 h at
room temperature. Nuclei were counterstained with
DAPI for 3 min, and sections were mounted with
neutral resin. Image acquisition was performed using
an inverted fluorescence microscope.

Quantitative co-localization analysis of PSMA
and CD31 immunofluorescence images was
performed using the Coloc 2 plugin in Fiji (Image]).
For each group, three independent tumor sections
from three different mice were analyzed. Costes
automated thresholding was applied to exclude
background signals prior to calculation of Manders'
overlap coefficients. The following parameters were
reported for each group: Manders' tM1 (the fraction of
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PSMA-positive pixels overlapping with CD31-positive
pixels) and tM2 (the fraction of CD31-positive pixels
overlapping with PSMA-positive pixels). Images were
acquired under identical exposure and gain settings
across all groups.

Statistical analysis

The experimental data were processed using
SPSS 23.0 software (SPSS Inc.) and OriginPro 2024b
(OriginLab Inc.). Illustrations were created with
BioGDP.com [41]. The data are expressed as means *
standard deviation (SD). Normality was assessed
using the Shapiro-Wilk test. Student's t test was used
for comparisons between two groups of samples,
whereas one-way ANOVA was used for comparisons
among multiple groups. Significance was determined
at the p < 0.05 level. All the experiments were
performed in triplicate.

Results

['"7Lu]Lu-PSMA-617 suppresses 4T 1
subcutaneous tumor growth in a
PSMA-specific manner

Four groups of 4T1 tumor-bearing BALB/c mice
(n = 3 per group) were treated as follows: control
(saline), [Y7Lu]Lu-PSMA-617 alone (18.5 MBgq, single
intravenous injection), EK pre-blocking (excess EK
injected 30 min before the same dose of
['7Lu]Lu-PSMA-617), and FAPI-04 pre-blocking
(FAPI-04 injected 30 min before the radioligand). The
therapeutic effect of [V7Lu]Lu-PSMA-617 was
analyzed after intravenous administration
(Figure 1A). Tumor volumes were measured every
two days until day 8.

As shown in Figure 1B, C, control tumors grew
rapidly, reaching a mean volume of 1338.13 £ 86.51
mm? on day 8. The ['77Lu]Lu-PSMA-617 monotherapy
group exhibited significantly suppressed tumor
growth, with a mean volume of 840.19 + 65.69 mm? on
day 8 (vs. Control, P < 0.01). The anti-tumor effect was
markedly attenuated by EK pre-blocking (1219.23 +
52.97 mm? on day 8), which was not significantly
different from the control group (P = 0.11) but
significantly higher than the monotherapy group (P <
0.01). In contrast, FAPI-04 pre-blocking did not impair
the therapeutic effect (929.35 + 40.74 mm? on day 8),
remaining significantly lower than the control (P <
0.01) and comparable to the monotherapy group (P =
0.12). These results indicate that the efficacy of
['7Lu]Lu-PSMA-617 depends primarily on specific
binding to PSMA, rather than on FAP-mediated
non-specific uptake.
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Figure 1. Anti-tumor efficacy of ['77Lu]Lu-PSMA-617 in the 4T1 TNBC model. (A) Schematic therapy regime of ['77Lu]Lu-PSMA-617. Day 0 marks the start of the treatment.
(B) Tumor growth curve in control (gray), ['7’Lu]Lu-PSMA-617 (pink), EK pre-blocking (blue) and FAPI-04 pre-blocking therapy (violet) animals (n = 3, **P < 0.01). (C) Final
tumor volumes on day 8 for each group, presented as mean + SD (n = 3 per group). (D) Tumor growth analysis comparing the time period (in days) until reaching 200% of the
initial tumor volume (TV) in control and therapy-receiving groups. (E) Body weight graphs of 4T1 tumor-bearing mice in different treatment groups.

Moreover, tumor growth was clearly inhibited in
the [Y77Lu]Lu-PSMA-617 monotherapy and FAPI-04
pre-blocking groups, as evidenced by the longer time
required to reach 200% of the initial tumor volume
compared to the control group (control: 2.19 + 0.11
days; [7Lu]Lu-PSMA-617 monotherapy: 4.20 + 0.73
days; FAPI-04 pre-blocking: 4.10 = 0.29 days; EK
pre-blocking: 2.18 + 0.10 days) (Figure 1D). The
calculated relative tumor growth inhibition rates on
day 8 were 37.21% for the [V’Lu]Lu-PSMA-617
monotherapy group and 30.55% for the FAPI-04
pre-blocking group, whereas EK pre-blocking showed
only 8.89% inhibition. No significant body weight loss
was observed in any of the treatment groups
throughout the study period, indicating that the
administered dose of [77Lu]Lu-PSMA-617 was well
tolerated (Figure 1E).

SPECT/CT imaging reveals specific tumor
accumulation of ['77Lu]Lu-PSMA-617 that is
competitively inhibited by EK

SPECT/CT imaging was performed at 1 h, 4 h,
and 24 h p.i. (Figure 2A). In the [7Lu]Lu-PSMA-617
group, obvious radioactivity accumulation was
observed in the tumor as early as 1 h, which already
peaked at this time point (1 h %ID/g = 0.34 + 0.10),
followed by a gradual decline at 4 h and 24 h (Figure
2B). EK pre-blocking dramatically reduced tumor
uptake at all time points (1 h %ID/g = 0.17 + 0.02),
confirming successful competitive blocking of PSMA
binding sites (Figure 2B). FAPI-04 pre-blocking did
not alter tumor uptake (1 h %ID/g = 0.27 £ 0.19)
(Figure 2B). All groups showed physiological uptake
in the kidneys, consistent with the known renal
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clearance and  PSMA-specific  retention  of
PSMA-targeted ligands (Figure 2C). Quantitative
analysis of kidney uptake revealed that EK
pre-blocking (1 h %ID/g = 0.53 + 0.30) also reduced
renal radioactivity (vs. [7/Lu]Lu-PSMA-617, 1 h
%ID/g = 1.60 + 0.73), whereas FAPI-04 pre-blocking
had no significant effect (1h %ID/g = 1.15 + 0.46),
further supporting that the observed tissue
accumulation of [Y7Lu]Lu-PSMA-617 is specifically
mediated by PSMA binding (Figure 2C). Based on the
time-activity curves derived from serial SPECT/CT
imaging, the estimated absorbed doses were 3.22
mGy/MBq for the tumor and 10.42 mGy/MBq for the
kidney.

Treatment with ['77Lu]Lu-PSMA-617 reduces
['8F]F-FDG uptake in tumors

On day 7 after [7Lu]Lu-PSMA-617 injection,
['8F]F-FDG PET/CT was performed (Figure 3).
Tumors in the control group exhibited intense FDG
uptake, with an SUVean of 0.58 £ 0.08 (Figure 3A, B).
significantly

['*7Lu]Lu-PSMA-617  monotherapy

1h

177Lu-PSMA-617

EK pre-blocking

FAPI-04 pre-blocking

1945

reduced tumor FDG uptake to 0.37 £ 0.03 (P < 0.01 vs.
control) (Figure 3A, B). EK pre-blocking restored FDG
uptake to near-control levels (SUVmean = 0.53 £ 0.06, P
= 0.55 vs. control), whereas FAPI-04 pre-blocking did
not affect the reduction, with the FAPI-04 group
showing comparable uptake to the monotherapy
group (SUVmean = 040 + 0.02, P = 0.89 wvs.
monotherapy) (Figure 3A, B).

['7Lu]Lu-PSMA-617 induces apoptosis
in TNBC tumors

On day 8, tumors were collected for TUNEL
apoptosis staining and y-H2AX immunofluorescence
staining (Figure 4). The ["Lu]Lu-PSMA-617 group
(200.25 £ 16.51) showed a marked increase in the
number of apoptotic cells (green fluorescence) in
tumor tissues compared to the control group (106.14 +
16.57) (P < 0.001). EK pre-blocking (111.00 + 20.16)
significantly reduced the number of apoptotic cells
relative to the ["77Lu]Lu-PSMA-617 group (Figure 4A-
D).

Tumor

1e+06
1e+06
=~
>
(=

[1""Lu-PSMA-617

0.5 - EK blocking
] FAPI-04 blocking

1 4 24
Time (h)
Kidney

[CJ""Lu-PSMA-617

[ EK blocking

] FAPI-04 blocking

1 4 24
Time (h)

Figure 2. Representative SPECT/CT imaging and quantification of ['77Lu]Lu-PSMA-617 tumor uptake in 4T1 tumor-bearing mice. (A) SPECT MIP images of ['77Lu]Lu-PSMA-
617, EK pre-blocking and FAPI-04 pre-blocking from | to 24 h after injection in 4T1 tumor-bearing mice. (B) Corresponding quantification of tumor uptake for each group. (C)

Corresponding quantification of kidney uptake for each group.
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Similarly, the ['"7Lu]Lu-PSMA-617 group (0.268 +
0.024) exhibited abundant y-H2AX foci (a marker of
DNA double-strand breaks) in tumor cell nuclei
compared to the control group (0.060 £ 0.007) (P <
0.001). EK pre-blocking (0.121 * 0.013) markedly
reduced the number of y-H2AX signal intensity
(Figure 4E-H). These results demonstrate that
['*7Lu]Lu-PSMA-617 induces DNA damage and
subsequent apoptosis in a strictly PSMA-dependent
manner.

['"7Lu]Lu-PSMA-617 binds
to tumor-associated vasculature in TNBC

H&E staining revealed notable histopathological
changes in tumor tissues (Figure 5A-C). Compared to
the control group, tumors from the treatment groups
exhibited more necrotic tissue (light pink) and fewer
viable areas. Immunofluorescence co-staining for
PSMA and CD31 was performed on tumor sections
collected on day 8 (Figure 5D-F). In the control and
monotherapy groups, PSMA (red) clearly co-localized
with CD31 (green) on tumor vascular endothelium
(yellow overlay), confirming that PSMA is
predominantly expressed on neovasculature (Figure
5D-E). EK pre-blocking did not alter PSMA/CD31
expression levels; however, the reduced SPECT
uptake confirmed competitive occupancy of the
binding sites (Figure 5F).

To validate the vascular localization of PSMA,
quantitative co-localization analysis of PSMA and
CD31 immunofluorescence was performed on tumor
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sections from the control, [Y7’Lu]Lu-PSMA-617
monotherapy, and EK pre-blocking groups. In control
tumors, PSMA and CD31 showed substantial overlap,
with Manders' coefficients of tM1 =0.59 + 0.07 and tM2
=0.59 + 0.06, confirming that PSMA is predominantly
expressed on CD31-positive vascular endothelium
(Figure 5G, J). Following [Y’Lu]Lu-PSMA-617
treatment, Manders' coefficients were tM1 = 0.84 £ 0.10
and tM2 = 0.47 + 0.08 (Figure 5H, J). The high tM1
indicates sustained PSMA localization to CD31-
positive vascular regions after radioligand treatment,
while the decreased CD31 mean intensity (19.18 +1.18
vs. 35.94 £ 3.75 in control) and reduced PSMA mean
intensity (24.13 + 2.17 vs. 4747 £ 4.38 in control)
reflects radiation-induced vascular disruption,
consistent with the observed therapeutic efficacy
(Figure 5K). In contrast, EK pre-blocking preserved
vascular integrity to near-control levels (tM2 = 0.58 +
0.08, CD31 mean intensity = 36.31 +4.06 vs. 35.94 +3.75
in controls), indicating that this integrity is maintained
in the absence of effective PSMA-targeted therapy
(Figure 5I-K). However, PSMA mean intensity in the
EK pre-blocking group (36.32 + 2.95) remained lower
than that in controls (47.47 + 4.38), despite preserved
CD31 signal. This partial reduction is most likely due
to epitope masking by EK occupying the PSMA
binding site, rather than true downregulation of
PSMA expression, as supported by the nearly
complete blockade of tumor uptake on SPECT/CT in
this group (Figure 2). Collectively, these data reinforce
that PSMA-specific binding is the essential
prerequisite for anti-tumor efficacy.

FAPI-04 pre-blocking B K%

0 |
N
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0.8 * X

0.6 _T_
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I

Figure 3. ['8F]F-FDG PET/CT imaging and quantification of tumor glucose metabolism after ['77Lu]Lu-PSMA-617 therapy. (A) Representative PET/CT images of ['8F]F-FDG
distribution 1 h post injection in control, ['77Lu]Lu-PSMA-617, EK pre-blocking, and FAPI-04 pre-blocking group 7 d after therapy. (B) PET quantification data of ['8F]F-FDG
uptake in different groups of 4T tumor-bearing mice. Data are presented as mean * SD (n = 3 per group). **P < 0.01; ns, not significant.
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Figure 4. ['77Lu]Lu-PSMA-617 induces apoptosis and DNA damage in a PSMA-dependent manner. Microscopic evaluation of TUNEL (green) expression in tumor tissue from
control (A), ['77Lu]Lu-PSMA-617 (B), and EK pre-blocking (C) animals. (D) Representative histograms showing the mean fluorescence intensity of TUNEL-positive signals.
Nuclei were counterstained with DAPI (blue). Scale bar: 20 pm. Immunohistochemical staining of y-H2AX in tumor tissues from control (E), ['77Lu]Lu-PSMA-617 (F), and EK
pre-blocking (G) animals. Scale bar: 20 ym. (H) y-H2AX expression was quantified by calculating the average optical density (AOD), defined as the integrated optical density
divided by the area of the region of interest (AOD = Integrated optical density / Area).
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Figure 5. Histological and immunofluorescence analysis of tumor tissues. H&E-stained tumor sections from mice in different groups (A-C). Scale bar: 50 pm. (D-F) Staining of
tumor tissues to show DAPI staining (blue), PSMA (red) and CD31 (green). The “Merge” showing co-localization of PSMA-CD31 in the tumor tissues showing PSMA expression
in 4T1 neovasculature. Images captured at 20 * magnification; measurement bars represent 20 pm. (G-l) Representative co-localization images showing PSMA/CD31
co-localization in control, monotherapy, and EK pre-blocking groups, respectively. (J) Quantitative analysis of Manders' overlap coefficients (tM1 and tM2) for each group. (K)
Quantitative analysis of mean fluorescence intensities of PSMA (red) and CD31 (green) for each group.
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Figure 6. Graphical abstract of the therapeutic efficacy and vascular targeting mechanism of ['77Lu]Lu-PSMA-617 in a 4T1 model.

Discussion

This study is the first to employ a dual-blockade
design incorporating both PSMA-specific blockade
and FAP blockade, thereby providing the possibility to
validate the PSMA-specific targeted therapeutic effect
of [V7Lu]Lu-PSMA-617 in the 4T1 breast cancer model,
and offering new experimental evidence for
establishing PSMA as a reliable molecular target for
vascular-directed therapy of breast cancer. To achieve
this, we employed a dual-blockade design using EK
(PSMA-specific competitor) and FAPI-04 (FAP
blocker) to rigorously investigate whether the
therapeutic efficacy of the clinically approved
radioligand ["7Lu]Lu-PSMA-617 in a 4T1 breast
cancer model depends on specific PSMA binding. Our
results demonstrate that a single 18.5 MBq dose of
['7Lu]Lu-PSMA-617 significantly suppressed tumor
growth, reduced glucose metabolism, induced DNA
double-strand breaks and apoptosis, and specifically
accumulated in tumor vasculature. Importantly, EK
pre-blocking almost completely abolished all these
therapeutic and imaging outcomes, whereas FAPI-04
pre-blocking had no effect. These findings provide
strong evidence that the anti-tumor activity of
["7Lu]Lu-PSMA-617 in 4T1 tumors is strictly
dependent on PSMA binding and not mediated by
cross-reactivity with FAP or other non-specific
mechanisms.

Triple-negative breast cancer (TNBC) is
characterized by aggressive behavior, high metastatic
potential, and a lack of effective targeted therapies [42,
43]. Anti-angiogenic strategies targeting VEGF have
failed to improve overall survival in breast cancer,
highlighting the need for alternative vascular-directed
approaches [18, 19]. PSMA is highly expressed on the
neovasculature of many solid tumors, including breast
cancer, but is virtually absent on normal endothelium

[21, 44]. Our immunofluorescence co-localization of
PSMA with CD31 confirms that PSMA is expressed on
tumor vascular endothelial cells in the 4T1 model, and
SPECT/CT imaging shows that ['7”Lu]Lu-PSMA-617
predominantly accumulates at these vascular sites.
Therefore, the therapeutic effect of PSMA-targeted
radioligand therapy (RLT) in this setting is largely
mediated by damage to tumor-associated
endothelium, leading to secondary tumor ischemia,
necrosis, and apoptosis.

The tumor absorbed dose estimated in this study
(3.22 mGy/MBq) is comparable to the pooled mean
tumor dose reported for [V77Lu]Lu-PSMA-617 in soft-
tissue prostate cancer lesions (4.19 Gy /GBq) in a recent
systematic review and meta-analysis [45]. Although
the SPECT-measured tumor uptake was modest, the -
particle cross-fire effect, with a mean tissue range of
approximately 2 mm, allows radiation damage to
extend from the PSMA-positive vascular endothelium
to adjacent tumor cells. This mechanism is consistent
with the preserved PSMA/CD31 co-localization and
the radiation-induced vascular disruption observed
after monotherapy. The near-complete abrogation of
efficacy by EK pre-blocking further confirms that the
therapeutic effect is PSMA-specific and not driven by
secondary systemic effects.

The partial reduction in PSMA
immunofluorescence observed in the EK pre-blocking
group is most likely attributable to epitope masking
rather than to a true decrease in PSMA protein
expression. Since EK is a PSMA-binding ligand, its
occupancy of the PSMA active site can sterically
hinder binding of the anti-PSMA antibody used for
immunofluorescence detection, thereby reducing the
apparent signal even when PSMA protein levels
remain unchanged. This mechanism also explains the
discordance between preserved CD31-positive
vascular structures and the mildly reduced PSMA
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signal in this group. The SPECT/CT findings support
this interpretation, as EK pre-blocking almost
completely abolished tumor uptake, confirming
effective occupancy of PSMA binding sites in vivo.
Taken together, the changes in PSMA signal intensity
shown in Figure 5K are likely to reflect a combination
of radiation-induced vascular loss in the monotherapy
group and ligand-mediated epitope masking in the EK
group, rather than a true downregulation of PSMA
protein expression.

A point requiring careful consideration is the
species selectivity of [77Lu]Lu-PSMA-617. It is well
established that this radioligand exhibits substantially
lower binding affinity for murine PSMA than for its
human counterpart, with reported KD values of 2.33
nM for human PSMA and 138 nM for murine PSMA
[46, 47]. Although this species difference might
initially raise questions regarding the translational
relevance of the syngeneic 411 model, several lines of
evidence from the present study support the validity
of our observations. PSMA expression in this model is
predominantly restricted to the tumor-associated
neovasculature rather than to the tumor -cells
themselves. The localized vascular accumulation of
the radioligand, as visualized by SPECT/CT imaging
(Figure 2), enables a sufficient radiation dose to be
delivered to the endothelial compartment even in the
setting of reduced affinity. The cross-fire effect of
B-particles, with a maximum tissue range of
approximately 2 mm, permits radiation damage to
extend beyond the immediate binding sites, affecting
adjacent endothelial and tumor cells. Most critically,
the near-complete abrogation of both tumor uptake
and therapeutic response by EK pre-administration
(Figures 1-2) provides direct functional evidence that
the observed effects are specifically PSMA-mediated,
irrespective of the absolute affinity for the murine
orthologue. Collectively, these findings indicate that
while the 4T1 model does not recapitulate the
high-affinity human PSMA interaction, it remains a
valid system for investigating the vascular-targeting
mechanism of PSMA-directed radioligand therapy,
particularly when pharmacological blockade is used
as a specificity control.

Consistent with the reported pattern,
TUNEL-positive apoptotic cells were enriched at the
tumor periphery; in contrast, y-H2AX foci were
distributed more evenly throughout the tumor. The
periphery is generally better vascularized and
oxygenated, which may render it more susceptible to
radiation-induced DNA damage and apoptosis.
Central necrosis may result from secondary ischemic
injury following vascular disruption. Moreover, the
significant decrease in ['8F]F-FDG uptake at day 7
suggests that [77Lu]Lu-PSMA-617 rapidly impairs

1949

tumor viability.

Our work offers several advances. We used the
clinically approved PSMA-617, which has higher
translational relevance. Furthermore, we employed an
immunocompetent 4T1 syngeneic model that
preserves  tumor-microenvironment interactions,
unlike the xenograft model. In addition, we included
both PSMA-specific (EK) and FAP-specific (FAPI-04)
blockade groups to definitively exclude the possibility
of off-target FAP binding. Although some reports have
suggested possible cross-reactivity of PSMA ligands
with FAP [32], our data clearly rule out this possibility
in the 4T1 model.

Several limitations of this study should be
acknowledged. The sample size of three animals per
group, while adequate for a proof-of-concept
mechanistic evaluation, limits the statistical power for
precisely  estimating therapeutic effect sizes.
Nevertheless, the consistently observed trends across
multiple orthogonal endpoints, including tumor
volumetry, SPECT/CT imaging, PET/CT metabolic
assessment, and histopathological analyses, support
the reliability of the findings. The substantially lower
affinity of [77Lu]Lu-PSMA-617 for murine PSMA
compared to human PSMA represents a caveat in
interpreting the translational potential of our
observations; however, the near-complete abrogation
of therapeutic efficacy by EK pre-administration
confirms that the effects are specifically
PSMA-mediated. Although 4T1 cells themselves
express very low levels of PSMA and the therapeutic
effect is attributed primarily to vascular targeting, a
minor direct effect on PSMA-positive tumor cells
cannot be completely excluded [23]. In addition,
long-term radiotoxicity and repeated dosing schedules
were not evaluated in this acute single-administration
study. Future studies with larger, adequately powered
cohorts, consisting of 5-6 mice per group, will be
necessary to confirm the therapeutic efficacy, evaluate
long-term safety and fractionated dosing regimens,
and explore combination strategies, for example with
immunotherapy, in additional TNBC models.

Conclusions

This study, for the first time, employs a
dual-blockade design with EK (PSMA-specific
competitor) and FAPI-04 (FAP blocker) to
demonstrate that the therapeutic efficacy of
[Y7Lu]Lu-PSMA-617 in the 4T1 subcutaneous
triple-negative breast cancer model is strictly
dependent on specific PSMA binding, rather than on
FAP-mediated non-specific uptake.
['7Lu]Lu-PSMA-617 predominantly localizes to
tumor-associated vascular endothelium, where it
induces DNA damage and apoptosis, leading to
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inhibition of tumor growth and glucose metabolism.
These findings provide critical experimental evidence
establishing PSMA as a reliable molecular target for
vascular-directed radioligand therapy in TNBC, and
they exclude potential interference from FAP
cross-reactivity,  thereby  supporting  clinical
translation.
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