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Pretargeted radiotherapy and synergistic
treatment of metastatic, castration-resistant
prostate cancer using cross-linked, PSMA-
targeted lipoic acid nanoparticlesy
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Metastatic castration-resistant prostate cancer (CRPC) is a currently incurable disease associated with high
mortality. Novel therapeutic approaches for CRPC are urgently needed to improve prognosis. In this study,
we developed cross-linked, PSMA-targeted lipoic acid nanoparticles (cCPLANPs), which can interact with
transmembrane glycoprotein to accumulate inside prostate cancer cells, where they upregulate caspase-
3, downregulate anti-apoptotic B-cell lymphoma-2 (BCL-2), and thereby induce apoptosis. The trans-
cyclooctene (TCO) decoration on cPLANPs acts as a bioorthogonal handle allowing pretargeted single-
photon emission computed tomography and radiotherapy, which revealed significantly enhanced tumor
accumulation and minimal off-target toxicity in our experiments. The developed strategy showed a strong
synergistic anti-cancer effect in vivo, with a tumor inhibition rate of up to 95.6% after 14 days of
treatment. Our results suggest the potential of combining bioorthogonal pretargeted radiotherapy with

rsc.li/materials-b

Introduction

Prostate cancer is the second most common malignancy and
the fifth leading cause of cancer-related death among men
worldwide."”” Metastatic castration-resistant prostate cancer
(mCRPC) is the most lethal stage of prostate cancer, and it is
associated with poor prognosis.”> Recent years have witnessed
tremendous progress in the treatment of mCRPC, involving
mostly second-generation androgen receptor (AR)-targeted
therapy, cytotoxic chemotherapy, poly (ADP-ribose) polymerase
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suitable PSMA-targeted nanoparticles for the treatment of metastatic CRPC.

(PARP) inhibition, prostate-specific membrane antigen (PSMA}-
targeting therapy, etc.* Although these novel agents have improved
the prognosis of patients with advanced prostate cancer to a certain
extent, drug resistance inevitably occurs, necessitating the contin-
uous exploration of novel therapeutic strategies and targets.

PSMA is a type II transmembrane glycoprotein strongly
expressed in the malignant prostate epithelium but weakly
expressed in benign prostate and non-prostate tissues.”® PSMA
can be internalized by prostate cancer cells, enabling it to deliver
molecular agents within cells, where they can exert highly specific
and efficient anti-tumor effects.”® In the VISION trial, the PSMA-
targeted radioligand agent “’Lu-PSMA-617 (Pluvicto) delivered
beta-particle radiation to PSMA-positive cells, significantly delay-
ing tumor progression and prolonging survival for patients with
mCRPC.” Thus, PSMA has been recognized as a “game changer”
in the development of effective mCRPC treatments.

In addition to PSMA, the B-cell lymphoma-2 (BCL-2) protein
family is another promising target for treating prostate cancer.
Anti-apoptotic BCL-2 proteins regulate intrinsic apoptosis in
mitochondria and they are overexpressed in many types of
tumors,'®"® including CRPC."” High expression of BCL-2 has
been linked to resistance to androgens and chemotherapeutic
drugs.'®'® The expression of pro- and anti-apoptotic BCL-2
proteins is modulated by various cellular stressors such as
energy stress, DNA damage, growth factor withdrawal, and
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hypoxia." One way to downregulate anti-apoptotic BCL-2 pro-
teins may be o-lipoic acid (LA), a B vitamin with anti-oxidant
properties. LA has been widely used to develop highly biocom-
patible drug carriers.’’* In cancer cells, LA and its reduced
form dihydrolipoic acid (DHLA) upregulate caspase-3 and
downregulate anti-apoptotic BCL-2 proteins, promoting cancer
cell apoptosis through the mitochondrial pathway.?*

On the other hand, although B-emitting radiotherapy is a
powerful tool for cancer treatment,>® it suffers from undesirable
off-target toxicity. For example, '”’Lu-PSMA-617 induces bone
marrow toxicity and xerostomia due to its internalization in the
salivary glands.”*” The bioorthogonal pretargeting strategy using
the tetrazine (Tz) chemistry has emerged as a promising
approach for delivering radiotracer in vivo to improve the
tumor-non tumor ratio in molecular imaging.>*>*

Based on the evidence mentioned above, we herein suggest a
synergistic cell-type-specific apoptosis and pretargeted f-emitting
radiotherapy approach for treating mCRPC using a rational
designed cross-linked PSMA-targeted LA-based nanoparticles
(cPLANPs). For the preparation of cPLANPs, an amphiphilic pre-
cursor was first synthesized by conjugating N-[N-(S)-1,3-dicarboxy-
propyl]carbamoyl]-(S)-lysine (DCL) with an LA moiety through a
TCO functionalized lysine linker. The PSMA-targeted lipoic acid
amphiphile (PLAA) was then readily self-assembled into nano-
particles under aqueous conditions, which were cross-linked upon
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ultraviolet (UV) irradiation.** Hydrophilic DCL endowed the nano-
particles with PSMA-targeting ability, while the hydrophobic LA
and TCO components provided them anti-cancer potency via BCL-
2 targeting and bioorthogonal pretargeting capability respectively.
After the circulating nanoparticles had accumulated at tumor sites,
a "'Ilabeled Tz derivative ([**'I]Tz) was administered, and it
conjugated selectively with TCO at the tumor site whereas it was
rapidly cleared from normal tissues, enabling pretargeted single-
photon emission computerized tomography (SPECT) imaging and
radiotherapy with significantly enhanced signal-to-background
ratio and reduced radiation damage to normal tissues
(Scheme 1). Through a parallel, synergistic therapeutic pathway,
cPLANPs easily disassembled in cancer cells overexpressing glu-
tathione (GSH), and LA was converted into DHLA by glutathione
and thioredoxin reductases, leading to cell apoptosis via down-
regulation of BCL-2 and upregulation of caspase-3.

Results and discussion

Design, synthesis, and characterization of cPLANPs.

PLAA was synthesized in 24% yield through a four-step process
using commercially available DCL and LA (ESI¥). First, DCL was
conjugated with a hydrophobic LA moiety through a lysine
linker via two amide bonds. DCL has a canonical PSMA-targeting
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Scheme 1 Schematic illustration of the preparation of cross-linked, PSMA-targeted, LA-based nanoparticles (CPLANPs) and the synergistic anti-cancer
mechanism of cPLANPs-based, pretargeted radiotherapy. BCL-2, B-cell lymphoma-2; GR, glutathione reductase, GSH, glutathione; PSMA, prostate-
specific membrane antigen; TCO, trans-cyclooctene; TrxR, thioredoxin reductase.
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structure that consists in several promising radiolabeled ligands
for targeted imaging or clinical treatment of prostate cancer, and
it bears multiple carboxylic acid groups that offer high
hydrophilicity.*®> The branched amino group of the lysine linker
was also conjugated with a bioorthogonal TCO tag, affording the
desired PLAA molecule, which readily self-assembled into nano-
particles above the critical aggregation concentration of 2.1 mM
in phosphate-buffered saline (PBS) (Fig. S2, ESIT). Moreover, UV
irradiation was applied to induce ring-opening disulfide
exchange polymerization for subsequent cross-linking.

Transmission electron microscopy (TEM) and dynamic light
scattering (DLS) revealed that cPLANPs had a spherical morphol-
ogy with a diameter of 55 nm and a hydrodynamic diameter of
64.9 nm (Fig. 1A and B). Consistent with a previous study,”" the
zeta potential of cPLANPs at pH 7.2 was around —38.1 mV, which
increased to —17.4 mV at pH 6.5 and to 0.09 mV at pH 5.5 in
RPMI-1640 supplemented with 10% fetal bovine serum (FBS)
(Fig. 1C). This is attributed to reduced ionization of the car-
boxylic acid groups at the surface of cPLANPs under lower pH
conditions, resulting in less negative charges. These results
suggest that cPLANPs can be internalized efficiently under the
mildly acidic conditions of the tumor microenvironment. DLS
also revealed that nanoparticle size was not considerably affected
over time during incubation in RPMI-1640 by itself (Fig. S3, ESIY)
or supplemented with 10% FBS (Fig. 1D), even at cPLANPs
concentrations down to 10 pg mL~'. These results suggest
stability of cPLANPs under physiological conditions.

In vitro anti-cancer activity of cPLANPS.

The effect of cPLANPs on cell viability was assessed in PSMA-
positive LNCaP cells, PSMA-negative PC3 cells, and MSC cells as
a normal control. No significant decrease was observed in the
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viability of normal or PC3 cells after 24-h treatment with
1-500 pug mL ™' cPLANPs (Fig. S4, ESIt). In contrast, the viability
of LNCaP cells decreased gradually over time in a dose-
dependent manner (Fig. 2A): treatment with 50-500 pug mL™*
cPLANPs significantly reduced viability at 24 h, while viability
was reduced at 48 and 72 h even at the lowest cPLANPs
concentrations tested. Flow cytometry after 48-h treatment
confirmed that cell apoptosis increased with increasing nano-
particle concentration (Fig. 2C). These results indicate that
tumor cells internalized the PSMA-targeted cPLANPs.

Since cPLANPs disassemble in GSH-overexpressing tumor
cells, we also measured cell viability in culture medium supple-
mented with 10 mM GSH as an in vitro model of the tumor
microenvironment. Treatment with cPLANPs significantly
reduced the viability of LNCaP cells in a dose-dependent manner
(Fig. 2B), and the cytotoxic effect was stronger and faster than
in RPMI-1640 lacking GSH. For example, treating cells with
200 pug mL~' cPLANPs reduced cell viability to 70% at 24 h,
64% at 48 h, and 61% at 72 h, whereas the corresponding values
in the absence of GSH were 92%, 82% and 73%. To elucidate the
mechanism underlying the anti-tumor effect of the developed
nanoparticles, LNCaP cells were treated with 0-1000 pg mL ™"
cPLANPs for 48 h, and the expression of BCL-2 and caspase-3 was
evaluated by Western blotting (Fig. 2D). cPLANPs significantly
downregulated BCL-2 at concentrations above 50 pg mL™"'
(Fig. 2E), while they significantly upregulated caspase-3 at con-
centrations above 50 pg mL~' (Fig. 2F), in a dose-dependent
manner in both cases. Experiments were also performed in C4-2
cells, which is androgen-independent. In consistence with the
results in LNCaP cells, cPLANPs also significantly downregulated
BCL-2 and upregulated caspase-3 in C4-2 cells at concentrations
above 50 pg mL ™', in a dose-dependent manner (Fig. 2G-I). These
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Fig. 1 Characterization of cross-linked, PSMA-targeted, lipoic acid nanoparticles. (A) Transmission electron microscopy imaging. (B) Dynamic light
scattering analysis. (C) Zeta potential at different pH values. (D) In vitro stability in RPMI-1640 supplemented with 10% fetal bovine serum at 25 °C. PBS,

phosphate-buffered saline; PDI, polydispersity index.
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Fig. 2 In vitro anti-cancer activity of cross-linked, PSMA-targeted, lipoic acid nanoparticles (cCPLANPs). (A) and (B) Viability of LNCaP cells after treatment with 1—
500 pg ML~ cPLANPs lasting 24, 48, or 72 h in RPMI-1640 medium (A) by itself or (B) supplemented with 10 mM glutathione. (C) Apoptosis of LNCaP cells after 48-
h treatment with cPLANPs at concentrations of, from left to right, 0, 10, 50, 100, or 200 pg mL™2. Cells were stained with Pl/annexin V-FITC, then analyzed by flow
cytometry. (D) Representative Western blots against B-cell lymphoma-2 (BCL-2) and caspase-3 in LNCaP cells. (E) and (F) Relative expression of (E) BCL-2 and (F)
caspase-3 in LNCaP cells, normalized to levels of actin. (G) Representative Western blots against BCL-2 and caspase-3 in C4-2 cells. (H) and (1) Relative expression of
(H) BCL-2 and (I) caspase-3 in C4-2 cells, normalized to levels of actin. FITC, fluorescein isothiocyanate; Pl, propidium iodide. *p < 0.05, **p < 0.01, ***p < 0.001.

results suggest that the developed nanoparticles promote cancer
cell apoptosis through the mitochondrial pathway via a pro-
oxidative mechanism, consistent with the reported mechanism of
LA-induced cell apoptosis.>>**

Simulation of cPLANPs-based pretargeted radiotherapy in vitro

The cellular uptake of cPLANPs was visualized by pretargeted
fluorescence imaging. Strong fluorescence was observed in

This journal is © The Royal Society of Chemistry 2024

LNCaP cells that had been sequentially incubated with
cPLANPs (10 ng mL ') and a Tz-modified fluorescent
probe (Tz-Cy5) (Fig. 3A), whereas negligible signal was
detected in PC3 cells or PSMA-blocked LNCaP cells (Fig. 3B).
Similar results were observed in C4-2 cells (Fig. S13,
ESIt). These results indicate that cPLANPs, even at low con-
centrations, can be efficiently internalized by PSMA-
positive cells, and that target tumors contain a sufficient
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amount of TCO for intracellular bioorthogonal ligation, which The anti-cancer efficacy of cPLANPs-based, pretargeted
is essential for in vivo pretargeted nuclear imaging and radiotherapy was simulated in vitro using [**'I]Tz (Fig. 3A) as
radiotherapy. a radioligand with favorable radiochemical yield (76%). LNCaP
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Fig. 3 Simulation of cPLANPs-based, pretargeted radiotherapy in vitro. (A) Chemical structures of Tz-Cy5, [*3!1Tz and ["]Tz. (B) Pretargeted
fluorescence imaging of LNCaP and PC3 cells treated with cPLANPs (10 ng mL™%) and Tz-Cy5 (1 pM). (C) Apoptosis and (D) live-or-dead staining of
LNCaP cells treated with cPLANPs (10 ng mL™Y) and [¥31Tz (left to right: 0, 5, 25, 50, 100 uCi). The cells were first incubated with cPLANPs (10 ng mL™)
for 2 h and washed, then treated with fresh culture medium containing [***1]Tz of different radioactivity for 1 h and washed. After another 48 h, the cells
were stained for imaging or flow cytometry. (E) Apoptosis rate of LNCaP cells treated with cPLANPs (10 ng mL™%) and increasing concentrations of
[**4]Tz. **p < 0.01, ***p < 0.001. (F) Immunofluorescence against y-H2AX in LNCaP cells treated with 10 ng mL™* of cPLANPs by itself (as control) or
followed by 100 pCi of [*3Y]Tz. Scale bar, 200 pum. cPLANPs, cross-linked PSMA-targeted lipoic acid-based nanoparticles; FITC, fluorescein
isothiocyanate; PI, propidium iodide.
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cells were first treated with cPLANPs (10 ng mL™") for 2 h,
washed with PBS to remove free nanoparticles, treated with
[**'1]Tz for 1 h and washed again to remove free [**'I]Tz. After
incubation for another 48 h, flow cytometry was performed. The
apoptosis rate increased with [**'I]Tz radioactivity, from 19.4%
at 5 uCi to 64.2% at 100 pCi (Fig. 3C and E). These results were

cPLANPs

N

View Article Online
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confirmed by live-or-dead cell staining (Fig. 3D). Expression of
v-H2AX, which is a sensitive biomarker of DNA damage, also
significantly increased after simulated pretargeted radiother-
apy, while negligible expression of y-H2AX was observed in the
control group (Fig. 3F), indicating sufficient DNA damage
induced by the simulated pretargeted radiotherapy.
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Fig. 4 Single photon emission computed tomography/computed tomography (SPECT/CT) imaging and anti-cancer effect of cPLANPs-based,
pretargeted radiotherapy in vivo. (A) Schematic illustration of pretargeted radiotherapy in LNCaP tumor-bearing mice. (B) SPECT/CT imaging of mice
treated with different formulations at 50 min, 20 h, and 48 h after the injection of [3]Tz. (C and D) Changes in the (C) body weight and (D) tumor volume
over time in mice treated with different formulations. (E) Changes in the relative tumor volume over time in each group. (F) Tumor inhibition rate in mice
treated with cPLANPs-based formulations. cPLANPs, cross-linked PSMA-targeted lipoic acid-based nanoparticles.
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SPECT/CT imaging and anti-cancer effect of cPLANPs-based,
pretargeted radiotherapy in vivo

The biodistribution of [**'I]Tz and its ligation with the biortho-
gonal TCO moiety on cPLANPs was monitored by SPECT/CT
imaging using a LNCaP xenograft mouse model (Fig. 4B). By
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40 min post-injection, [***

ITz had accumulated mainly in the
abdomen, and it was rapidly eliminated from the body within
2 h (Fig. S5, ESIt). No significant uptake was observed at the
tumor site during imaging. In contrast, significant tumor

uptake was observed at 50 min after the administration of

cPLANPs [Tz Saline

(Im) ) (V)

B BCL-2/actin
Caspase-3/actin

cPLANPs

Fig. 5 Synergistic anti-cancer mechanism and safety profile of cPLANPs-based, pretargeted radiotherapy in vivo. (A) Tumor sections from LNCaP
tumor-bearing mice that had been treated with different formulations were subjected to terminal transferase/dUTP nick end labeling (TUNEL) staining.
Scale bar, 200 pm. (B) Quantified analysis of TUNEL staining signals. *p < 0.05, ***p < 0.001. (C) Representative Western blots against B-cell lymphoma-
2 (BCL-2) and caspase-3. (D) Relative expression of BCL-2 and caspase-3, normalized to levels of actin. (E) Hematoxylin—eosin staining of major organs
collected from LNCaP tumor-bearing mice after the indicated treatment. Scale bar, 100 pm.
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[**"1]Tz via the tail vein in mice that had been pre-injected with
cPLANPs 4 h beforehand (cPLANPs + [“*'1]Tz). These results
indicate successful bioorthogonal reaction between [*']Tz and
the active TCO moieties on cPLANPs at the tumor site, where
background was negligible in the absence of this reaction. After
the bioorthogonal reaction, minimal background radioactivity was
observed in tissues outside the tumor, supporting the idea that
cPLANPs accumulate selectively in PSMA-positive cancer cells and
that free ["*'I]Tz is rapidly excreted from the body. Tumor uptake
remained almost unchanged even by 48 h after the injection of
[*'1]Tz, indicating the promising radiotherapy potency of this
pretargeted strategy. In contrast, the group (PLAA + [“'1]Tz)
exhibited slow, transient accumulation of radioactivity at the
tumor site and substantial off-target distribution, reflecting the
lack of efficient bioorthogonal ligation at the tumor site (Fig. 4B).

The synergistic anti-cancer efficacy of cPLANPs-based, pretar-
geted radiotherapy was assessed in nude mice bearing LNCaP
tumors, which were injected with cPLANPs, followed by multiple
rounds of [“*'[|Tz (Fig. 4A). The sequential administration of
cPLANPs and ["*'1]Tz inhibited tumor growth more than other
treatments did, giving a tumor inhibition rate of 95.6% after 14
days of treatment (Fig. 4D-F and Fig. S6, ESIt). In contrast,
cPLANPs alone or in combination with a tetrazine derivative
labeled with a non-radioactive iodine isotope (["I]Tz) had a
moderate effect on tumor growth (Fig. 4F), reflecting the poor
intrinsic anti-cancer activity of cPLANPs. ["*'I]Tz on its own exerted
negligible anti-cancer effects because of its rapid clearance.

To elucidate the mechanism of the anti-cancer effect of
cPLANPs-based, pretargeted radiotherapy in vivo, tumor sections
were collected from mice after various treatments and analyzed
using the terminal transferase dUTP nick end-labeling (TUNEL)
assay, and Western blotting for expression level of BCL-2 and
caspase-3. Consistent with the results from tumor growth inhibi-
tion experiments, the fluorescence signal was considerably stron-
ger in the group (cPLANPs + [**'[Tz) than in the groups treated
with non-radioactive isotope or cPLANPs, while negligible signal
was observed in tumor sections treated with [**'I]Tz or saline alone
(Fig. 5A and B). Moreover, BCL-2 was downregulated and caspase-3
was upregulated in all cPLANPs-treated groups, and these effects
were strongest in the group (cPLANPs + [**'1]Tz) (Fig. 5C and D).
These results suggest that the anti-cancer effects of cPLANPs
in vivo involve the formation of DHLA, and they demonstrate that
the combined application of cPLANPs and pretargeted radiother-
apy can achieve a strong synergistic anti-cancer effect in vivo.

The safety profile of cPLANPs-based, pretargeted radiother-
apy was assessed by monitoring the body weight of mice during
treatment and by staining major organs afterwards with hema-
toxylin-eosin. None of the treatment groups showed significant
differences in body weight from controls (Fig. 4C), nor did they
show obvious pathological changes in major organs after 14
days of treatment (Fig. 5E).

Conclusions

A potent synergistic anti-cancer strategy based on cPLANPs was
developed. cPLANPs were prepared through an amphiphilic

This journal is © The Royal Society of Chemistry 2024
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precursor prepared from biogenic LA, PSMA-targeting DCL, and
TCO-bearing lysine. The resulting nanoparticles displayed
robust stability and demonstrated apoptosis in PSMA-positive
cancer cells via downregulation of BCL-2 and upregulation of
caspase-3. In addition, the bioorthogonal reaction between
[*"]Tz and pretargeted cPLANPs at the tumor site facilitated
prolonged radiotherapy. After a 14-day treatment period, in vivo
studies revealed an impressive tumor inhibition rate of up to
95.6%. Our results underscore the great potential of cPLANPs-
based pretargeted radiotherapy for the synergistic treatment of
mCRPC. Moreover, this method could promise for applications
in therapies utilizing other radionuclides, such as "’Lu.
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