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Abstract In light of the burgeoning successes of cancer immunotherapy, glioblastoma (GBM) remains

refractory due to an immunosuppressive microenvironment originating from its molecular heterogeneity.

Thus, identifying promising therapeutic targets for treating GBM and discovering methodologies to effec-

tively regulate them is still a tremendous challenge. Here we describe photodynamic protein tyrosine

phosphatase 1B (PTP1B) proteolysis mediated by a proteolysis-targeting chimera (PROTAC) nanoassem-

bly. The PTP1B-targeting PROTAC is conjugated with a photosensitizer via a cathepsin B

(Cat B)-cleavable peptide, which spontaneously forms nanoassemblies due to intermolecular π—π stack-

ing interactions. In GBM models, PROTAC nanoassemblies significantly accumulate in the tumor region

across the disrupted blood—brain barrier (BBB), triggering a burst release of the photosensitizer and

active PROTAC by Cat B-mediated enzymatic cleavage. Upon laser irradiation, photodynamic therapy

(PDT) synergizes with PROTAC-mediated PTP1B proteolysis to induce potent immunogenic cell death

(ICD) in tumor cells. Subsequently, persistent PTP1B degradation by nanoassemblies in Cat

B-overexpressed intratumoral T cells downregulates exhaustion markers, reinvigorating their function-

ality. These sequential processes of photodynamic PTP1B proteolysis ultimately augment T cell-

mediated antitumor immunity as well as protective immunity, completely eradicating the primary

GBM and preventing its recurrence. Overall, our findings underscore the therapeutic potential of

combining PDT with PROTAC activity for GBM immunotherapy.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Glioblastoma (GBM) is recognized as the deadliest form of all

primary malignancies, accounting for approximately 80% of

central nervous system (CNS) tumors1. Mainstream therapies in

clinical settings, such as chemotherapy and radiotherapy, have

been ineffective for GBM, resulting in a growing effort to actively

pursue the application of immunotherapy2. However, patients also

exhibit a poor response to this therapeutic regimen due to the

intrinsic heterogeneity of GBM, which is closely associated with

an immunosuppressive tumor microenvironment (ITM)3,4. Among

the several underlying mechanisms that compromise satisfactory

outcomes, the main limiting factor is T cell exhaustion, charac-

terized by overexpressed inhibitory receptors, reduced effector

cytokine production and decreased cytolytic activity5. Therefore,

unveiling key targets for reinvigorating exhausted T cells could

become a central focus in designing effective immunotherapeutic

strategies and represent a significant breakthrough in GBM

treatment.

Protein tyrosine phosphatase 1B (PTP1B), well-known as a

negative regulator of insulin and leptin signaling, has recently

attracted renewed interest as a tumor promoter with specific roles

depending on the cellular context6. Clinical data on the patho-

logical characteristics of 136 patients have shown that PTP1B

overexpression in GBM tissues contributes to tumorigenesis and is

associated with a poor prognosis7. Additionally, PTP1B is also

significantly upregulated in intratumoral T cells as an intracellular

checkpoint, which limits their expansion and activity, ultimately

resulting in immune cell exhaustion8. Together, these observations

suggest that regulating PTP1B in tumor and immune cells within

the GBM microenvironment can suppress tumor progression as

well as restore T cell function. Various PTP1B inhibitors that can

be utilized for this purpose are currently undergoing preclinical

trials as antidiabetic agents, but these small molecule inhibitors

struggle to sustain long-lasting effects in the ITM, which consis-

tently maintains an immune-exclusive phenotype through several

processes9.

Proteolysis-targeting chimeras (PROTACs) are heterobifunc-

tional molecules that bridge two ligands―one that binds to the

protein of interest (POI) and the other to a ubiquitin ligase―via a

linker10. Relative to small molecule inhibitors, PROTACs are

capable of inducing the irreversible targeted protein degradation

(TPD) of pharmaceutically undruggable POIs with persistent and

recyclable action11. Hence, various PROTAC candidates have

been developed to eliminate a range of oncogenic proteins, with

some advancing to industry. For instance, ARV-110 and ARV-471

are currently in phase II and III trials for prostate and breast cancer

patients by targeting the androgen receptor and estrogen receptor,

respectively12,13. In particular, many attempts are being made to

apply this technology to immunotherapy, including PTP1B-

targeting PROTACs for T cell activation14. However, off-target

side effects in accordance with the always-on bioactivity of

PROTACs remain a critical bottleneck for clinical use, making the

improvement of therapeutic specificity essential15.

We herein propose a PROTAC nanoassembly eliciting photo-

dynamic PTP1B proteolysis (PNPTP1B) for GBM immunotherapy.

The PTP1B-targeting PROTAC is linked to a photosensitizer

through a cathepsin B (Cat B)-cleavable peptide, spontaneously

self-assembling into nanoparticles via intermolecular π—π

stacking interactions (Scheme 1A)16-18. By omitting the excessive

carrier materials used in conventional nanoparticle systems, these

nanoassemblies accomplish over 80% drug loading capacity and

minimize the adverse events associated with such materials19,20.

From an industrial perspective, its well-defined chemical structure

is highly amenable to quality control (QC) and mass production,

similar to small molecule drugs, potentially addressing the

fundamental challenges faced in the clinical translation of tradi-

tional nanoparticles21.

Following intravenous injection in a GBM model, PNPTP1B

accumulates in the target region by crossing the disrupted

blood—brain barrier (BBB) during disease progression, subse-

quently decomposing into photosensitizers and active PROTACs

through enzymatic cleavage by the biomarker Cat B (Scheme

1B)22. The BBB in GBM allows the passive accumulation of
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10—100 nm-sized particles due to increased vascular permeability,

resulting from diminished tight junctions, irregular pericyte

coverage and the presence of stem cell-derived pericytes23,24.

Additionally, nanoparticles preferentially accumulate in GBM via

the enhanced permeability and retention (EPR) effect, driven by

leaky vasculature and impaired lymphatic drainage in the tumor

microenvironment25-28. Upon laser irradiation, reactive oxygen

species (ROS) generated by the photosensitizer verteporfin (VPF),

combined with PROTAC-mediated PTP1B knockdown, which

contributes to cancer cell death through the PKM2/AMPK/

mTORC1 signaling pathways29-31, synergistically trigger immu-

nogenic cell death (ICD) in GBM cells. Photodynamic therapy

(PDT) induces endoplasmic reticulum (ER) stress-mediated ICD,

and its synergy with TPD effectively promotes the release of

damage-associated molecular patterns (DAMPs) and tumor-

associated antigens (TAAs) from tumor cells, driving dendritic

cell (DC) maturation and T cell priming32-34. Thereafter, PNPTP1B

also improves the short-lived lytic activity of T cells in the GBM

microenvironment by downregulating exhaustion markers

programmed cell death protein 1 (PD-1) and T-cell immuno-

globulin and mucin domain 3 (Tim3) in Cat B-overexpressed

intratumoral T cells via PTP1B proteolysis. The inherent recy-

clable action of PROTACs persistently counteracts T cell

exhaustion, thereby enhancing T cell-mediated antitumor immu-

nity for the complete regression of GBM and establishing pro-

tective immunity to prevent recurrence. This study highlights the

superior immunotherapy efficacy of photodynamic PTP1B prote-

olysis, which reshapes the immunosuppressive network in GBM.

2. Materials and methods

2.1. Synthesis of PNPTP1B

Initially, VPF (274 mg, 0.38 mmol, Frontier Scientific) and the

C-terminal aminated K (Fmoc) ALAPYIPRRK N-terminal acet-

ylated peptide (600 mg, 0.38 mmol, Peptron) were linked via

amide condensation in the presence of N-hydroxysuccinimide

(NHS, 72 mg, 1.9 mmol, Sigma—Aldrich) and 1-ethyl-3-(3-

Scheme 1 The structure of PNPTP1B and its mode of action for photodynamic PTP1B proteolysis in GBM immunotherapy. (A) The prodrug

conjugate, which consists of a PTP1B-targeting PROTAC, a cathepsin B (Cat B)-cleavable RRK peptide and the photosensitizer verteporfin

(VPF), forming PNPTP1B via intermolecular π—π stacking interactions. Both ends of RR in the prodrug are cleaved by cathepsin B, releasing

PROTAC and K-conjugated VPF. (B) The cascade events of photodynamic PTP1B proteolysis for GBM immunotherapy. PNPTP1B accumulates

significantly within the GBM region across the disrupted BBB, decomposing into VPF and active PROTACs due to enzymatic cleavage mediated

by the biomarker Cat-B. Upon laser irradiation, the combination of photodynamic therapy (PDT) and PTP1B proteolysis by PROTAC induces

potent immunogenic cell death in tumor cells, leading to DC maturation and T cell priming. Thereafter, PNPTP1B persistently counteracts

intratumoral T cell exhaustion in the GBM microenvironment by downregulating PD-1 and Tim3 through the recyclable action of PROTAC.

Ultimately, such photodynamic PTP1B proteolysis triggered by PNPTP1B enhances T cell-mediated antitumor immunity as well as protective

immunity, eradicating GBM and preventing its recurrence.
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dimethylaminopropyl) carbodiimide (EDC, 120 mg, 1.9 mmol,

Sigma—Aldrich). After a 6 h reaction, VPF-K (Fmoc)

ALAPYIPRRK was purified using a Sep-Pak® C18 6 cc Vac

cartridge (Waters) to remove any unreacted substances, followed

by incubation in anhydrous DMF containing 20% (v/v) piperidine

for Fmoc deprotection. Finally, the resulting VPF-

KALAPYIPRRK (536 mg, 0.26 mmol) was reacted with erti-

protafib (145 mg, 0.26 mmol, MedChemExpress) in anhydrous

DMF through the EDC (250 mg, 1.3 mmol)/NHS (150 mg,

1.3 mmol) amide coupling reaction for 2 h. The final product,

VPF—KALAPYIPRRK—ertiprotafib, was purified using the same

protocol as described above. The control PROTAC compound was

prepared by reacting the N-terminal acetylated and C-terminal

amidated KALAPYIP peptide (238.5 mg, 0.26 mmol) with erti-

protafib (145 mg, 0.26 mmol) in the presence of NHS (150 mg,

1.3 mmol) and EDC (250 mg, 1.3 mmol), followed by purification

using LC—MS. Throughout the synthesis process, the purity and

molecular weights of all intermediate compounds and the final

product were analyzed using LC—MS (Agilent Technology).

2.2. Physicochemical characterization

The prepared prodrug conjugates self-assembled into nanoparticles

through π—π interactions induced by VPF when exposed to

aqueous conditions, without the need for any additional carrier

material-related formulation process16. The hydrodynamic size and

morphology of PNPTP1B in saline (1 mg/mL) were examined using

dynamic light scattering (DLS, Zetasizer Nano ZS, Malvern In-

struments) and transmission electron microscopy (CM-200 Series,

Philips), respectively. The drug loading capacity was determined

based on the following formula: the sum of the molecular weights

of PROTAC (1411.59 m/z) and VPF (702.81 m/z), excluding the

cathepsin B-cleavable RRK peptide (464.61 m/z)/the molecular

weight of the whole prodrug conjugate (2595.98 m/z). The UV—vis

absorbance and fluorescence spectrum were monitored using a UV

spectrophotometer and a fluorescence spectrophotometer, respec-

tively. To evaluate the target enzyme-specific cleavage, PNPTP1B

was incubated in a pH 5.5 MES buffer at 37 ◦C with 10 μg/mL of

Cat B (R&D Systems), and its irreversible inhibitor Z-FA-FMK

(MedChemExpress), Cat D (R&D Systems), Cat E (R&D Sys-

tems), Cat L (R&D Systems), caspase-3 (R&D Systems) or MMP-

9 (R&D Systems), followed by HPLC analysis35,36.

2.3. Molecular simulations

The molecular structure of PTP1B-targeting PROTAC was illus-

trated using Chemdraw Professional 20.1.1.125 (PerkinElmer

Inc.). Molecular docking was performed with the AMDock

(Assisted Molecular Docking) software against the PTP1B and

VHL proteins (PDB: 1QXK, 1LM8), utilizing the CHARMm

(Chemistry at Harvard Molecule Mechanics) force field. The

binding site was identified based on the active site of the ligand by

referring to the existing references37,38,40. After the docking pro-

cess, the 2D diagram interaction analysis was performed using

Discovery Studio 2022 (v22.1.0.) software (BIOVIA; CA, USA).

The optimized molecular conformations were visualized using

PyMOL.

2.4. In vitro cellular uptake, ROS generation and cytotoxicity

Murine glioblastoma cell line GL261 cells (American Type Cul-

ture Collection, ATCC) seeded in confocal dishes were treated

with 5 μmol/L PNPTP1B or VPF. The cells were then washed twice

with DPBS, incubated with 4% paraformaldehyde (Biosesang) for

20 min, stained with DAPI for 15 min and imaged using a

confocal laser scanning microscopy (Leica Microsystems). For the

analysis of ROS generation, GL261 cells treated with 5 μmol/L

PNPTP1B or VPF for 24 h were further incubated with dichloro-

dihydro-fluorescein diacetate (DCFH-DA, Sigma—Aldrich) for

30 min, followed by exposure to laser irradiation at 40 mW for

500 s. For the cytotoxicity study, GL261 cells seeded in a 96-well

cell culture plate were treated with PNPTP1B or ertiprotafib for

24 h. Cell viability was determined using a microplate reader at

450 nm UV—vis wavelength (VERSAmax, Molecular Devices

Corporation) after the cells were incubated with a medium con-

taining 10% CCK-8 solution (DOJINDO) for 20 min.

2.5. In vitro PTP1B proteolysis

2 × 105 GL261 cells seeded in confocal dishes were incubated

with IFN-γ for 12 h and then treated with 5 μmol/L PNPTP1B

for 24 h. Subsequently, the cells were incubated with a

rabbit monoclonal anti-PTP1B antibody (Abcam) overnight

at 4 ◦C, followed by additional incubation with Alexa Fluor

488-conjugated anti-rabbit IgG (Thermo Fisher Scientific)

for 1 h. GL261 cells were pretreated with CA-074-Me

(MedchemExpress), pevonedistat (MedchemExpress) or epox-

omicin (MedchemExpress) for 6 h before PNPTP1B treatment.

Intracellular PTP1B expression was imaged using confocal laser

scanning microscopy.

To investigate the changes in intracellular proteins associated

with PTP1B degradation, a Western blot was performed after the

GL261 cells, treated with the same protocol as described above,

were lysed using RIPA buffer supplemented with 1% protease/

phosphatase inhibitor cocktail (Thermo Fisher Scientific).

Following protein quantification using a BCA assay kit (Thermo

Fisher Scientific), equal amounts of proteins were separated on a

10% sodium dodecyl sulfate-polyacrylamide gel via electropho-

resis for 90 min at 100 V and subsequently transferred onto pol-

yvinylidene fluoride membranes. The membranes were incubated

with 5% skim milk for 1 h to prevent non-specific IgG binding,

then with the primary antibodies overnight at 4 ◦C and finally with

the appropriate secondary antibodies for 1 h at room temperature.

The antibodies used in this study were as follows: PTP1B

(Abcam), phospho-Akt (Cell Signaling Technology), Akt (Cell

Signaling Technology), phospho-p44/42 MAPK (Erk1/2; Cell

Signaling Technology), p44/42 MAPK (Erk1/2; Cell Signaling

Technology), GAPDH (GeneTex), anti-rabbit IgG-HRP antibody

(GeneTex) and anti-mouse IgG-HRP antibody (GeneTex). The

protein signals were visualized using ECL substrate (Bio-Rad) and

detected with iBright Imaging Systems (Invitrogen).

2.6. In vitro DAMP analysis

GL261 cells, treated with 5 μmol/L ertiprotafib or PNPTP1B

(without or with laser irradiation at 40 mW power for 500 s) for

24 h, were stained with an anti-CRT antibody (Alexa Fluor 488,

Abcam). All samples were analyzed using a CytoFLEX flow

cytometer (Beckman Coulter) and plotted using FlowJo (v10)

software. Meanwhile, HMGB1 (Abcam) and HSP70 (Abcam) in

the culture medium were assessed through Western blot, and

ATP (Beyotime Biotechnology) was quantified by an ELISA

assay.

Development of nanomedicine integrating PDT and PROTAC for glioblastoma immunotherapy 4889



2.7. T cell isolation and culture

The animal studies were conducted in accordance with the rele-

vant laws and institutional guidelines of the Institutional Animal

Care and Use Committee at the Korea Institute of Science and

Technology (approval number: 2023-013). The mice were pur-

chased from OrientBio and bred under pathogen-free conditions at

KIST. To establish the GBM model, 5 × 106 GL261 cells sus-

pended in DMEM media were subcutaneously inoculated into the

left flank of C57BL/6 mice. Intratumoral CD8+ T cells were

isolated using CD8+ Microbeads (Miltenyi Biotec) according to

the manufacturer’s instructions and maintained in RPMI1640

media supplemented with 10% fetal bovine serum (Gibco) and

1% antibiotics (Gibco) at 5% CO2 and 37 ◦C. The splenic CD8+ T

cells were obtained from tumor-baring or naive mice using the

same protocol as above.

2.8. T cell proliferation and coculture assays

The expression levels of PTP1B, PD-1 and Tim3 in intratumoral

CD8+ T cells, treated with 5 μmol/L PNPTP1B or ertiprotafib for

24 or 48 h, were analyzed via Western blot using relevant anti-

bodies (PTP1B from Abcam, PD-1 and Tim3 from Biolegend) and

the same protocol as described above. For proliferation assay,

intratumoral CD8+ T cells were stained with the CellTrace™
CFSE Cell Proliferation Kit (Invitrogen) and treated with

5 μmol/L PNPTP1B or ertiprotafib for 48 h. The decreased CFSE

fluorescence intensity of daughter T cells was compared to that of

parental cells following cell division. To evaluate enhanced T cell

activity, green CFSE-stained GL261 cells were cocultured for 1 h

with Far red CFSE-stained intratumoral T cells treated with

5 μmol/L PNPTP1B or ertiprotafib for 48 h. The lysis of tumor cells

by T cells was examined by measuring the viability of

GL261 cells using the CCK-8 assay.

2.9. Biodistribution and antitumor immune responses

The biodistribution of PNPTP1B was evaluated in six-week-old

female BALB/c-nu mice to avoid fluorescence interference.

GBM models were intravenously injected with VPF or PNPTP1B

based on an equivalent 3 mg/kg VPF content when tumor volumes

reached approximately 50 mm3, followed by in vivo and ex vivo

NIRF imaging using an IVIS Lumina Series III (PerkinElmer).

Fluorescence intensities in the NIRF images were calculated using

LivingImage software (PerkinElmer).

Therapeutic efficacy and antitumor immune responses were

assessed in six-week-old female C57BL/6 mice. GBM models

were divided into five groups: (i) saline, (ii) laser only (Laser), (iii)

PROTAC, (iv) VPF with laser irradiation (+L), (v) PNPTP1B

without laser irradiation (-L) and (vi) PNPTP1B (+L). Following

the intravenous injection of VPF or PNPTP1B based on an equiv-

alent 3 mg/kg VPF content, the tumor tissues were exposed to

laser irradiation at 100 mW for 15 min after 3 h of treatment. A

671 nm wavelength laser (SDL-671 series, Shanghai Dream Laser

Technology Co., Ltd., China), which efficiently penetrates the

mouse skull with an average thickness of 0.34 ± 0.05 mm, was

used for PDT39. The control PROTAC compound was adminis-

tered with equal PROTAC content as PNPTP1B. Tumor growth was

monitored by measuring tumor volumes using Eq. (1):

Tumor growth � Largest diameter× Smallest diameter2 × 0:53
(1)

Mice with tumor volumes exceeding 1000 mm3 were consid-

ered dead.

For the immune cell analysis, single cells were initially iso-

lated from the tumor tissues collected from the GBM model on

Day 3 using a tumor dissociation kit (Miltenyi Biotechnology).

The cells were then incubated with FcBlock (Cell Signaling

Technology) for 5 min, followed by staining with appropriate

antibodies for 45 min to analyze the following populations: (i)

CRT-positive tumor cells (CD45− CRT+), (ii) exhausted T

cells (CD3+CD8+PD-1+), (iii) mature dendritic cells

(CD11c+CD40+), (iv) cytotoxic T cells (CD45+CD3+CD8+) and

(v) damaged T cells (CD8+Annexin V+). The levels of HMGB1

and HSP70 in supernatants were quantified via Western blot.

IFN-γ concentrations were measured using an ELISA assay kit

(R&D Systems).

GBM mice that experienced complete tumor regression

following treatment with PNPTP1B (+L) were further inoculated

with 5 × 106 GL261 cells via subcutaneous injection. Rechal-

lenged tumor volumes were calculated every two days. On Day 15

after the tumor rechallenge, the splenic effector memory CD8+ T

cells (Tem; CD3+CD8+CD44+CD62Llow) was assessed using a

flow cytometer. Serum levels of IL-6 (R&D Systems) and IFN-γ

were quantified using ELISA assay kits.

2.10. Therapeutic efficacy in orthotopic GBM model

To establish an orthotopic GBM model, GL261 cells were injected

into the brains of BALB/c-nu and C57BL/6 mice, which were

used to evaluate biodistribution and therapeutic efficacy, respec-

tively. Briefly, the mice were secured with ear bars in a stereotactic

device (Stoelting Co.). Next, 1 × 105 GL261 cells suspended in

8 μL of saline were drawn into a 26-gauge Hamilton syringe. A

precise hole was drilled in the skull at coordinates 2.0 mm lateral

and 0.5 mm anterior to the bregma. Through this hole, the needle

was placed at a depth of 3.0 mm, and the cells were inoculated at a

regulated flow rate of 1 μL/min. After a 5 min waiting period to

prevent leakage, the syringe was gradually withdrawn over

another 5 min. The in vivo brain accumulation of VPF and

PNPTP1B was monitored using an IVIS Lumina Series III. Thera-

peutic efficacy was assessed in orthotopic GBM models with four

groups: (i) Sham, (ii) Laser, (iii) VPF (+L) and (iv) PNPTP1B

(+L), following treatment with the same protocol as described

above. Unlike the flank GBM model, which was exposed to laser

irradiation 3 h after intravenous administration, laser irradiation

was performed in the brains of the orthotopic GBM model at 6 h

post-injection, when the highest tumor accumulation of PNPTP1B

was observed. Three days following treatment, brain tissues were

collected for staining with TUNEL (PROMEGA), CD8, PTP1B,

PD-1 and Tim3. H&E staining was conducted on Day 10 after

treatment.

2.11. Statistics

Statistical significance between the two groups was assessed using

the Student’s t-test. For comparisons involving more than two

groups, a one-way analysis of variance (ANOVA) was conducted,

followed by multiple comparisons using the Tukey—Kramer post

hoc test. Survival outcomes were plotted using Kaplan—Meier

curves and analyzed with the log-rank test. All results are

expressed as mean ± standard deviation (SD), with P values of

>0.05ns, <0.05*, <0.01**, <0.001*** and <0.0001****.
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3. Results and discussion

3.1. Synthesis and physicochemical characterization

PNPTP1B was derived from the self-assembly of prodrug conju-

gates, which were synthesized as shown in Supporting Informa-

tion Fig. S1. The photosensitizer VPF was first reacted with a K

(Fmoc) ALAPYIPRRK peptide through an amine group in the K

sequence. Following Fmoc deprotection, KALAPYIPRRK—VPF

was conjugated with ertiprotafib via an amide condensation,

resulting in the prodrug conjugate. The successful synthesis of all

intermediates and the final product was verified by LC—MS

analysis (Supporting Information Fig. S2). Ultimately, this con-

jugate is a tripartite structure, with each component having a

unique function: (i) a PROTAC for the degradation of PTP1B, (ii)

a Cat B-specific cleavable KRR sequence40 and (iii) the clinically

approved VPF, marketed under the trade name Visudyne, as a

photosensitizer41. The PROTAC features ertiprotafib and the

ALAPYIP peptide to target PTP1B and E3 ubiquitin ligase VHL,

respectively, linked through the K sequence. A previous study has

demonstrated that the K sequence can serve as a linker for

PROTAC by providing a short carbon chain42. Ertiprotafib belongs

to a novel class of PTP1B-selective inhibitors that have reached

clinical trials for the treatment of diabetes43.

Prodrug conjugates spontaneously self-assembled under

aqueous conditions, exhibiting uniform size distribution and

spherical morphology with an average diameter of

87.79 ± 1.25 nm (Fig. 1A). The driving force behind the self-

assembly of the system was visualized by molecular dynamics

(MD) simulations, which revealed that four prodrug molecules

are maintained in close proximity due to π—π interactions

between the aromatic segments of VPF (Fig. 1B and Supporting

Information Fig. S3). MD simulations further confirmed that

removing VPF from the prodrug conjugates fails to promote the

self-assembly of molecules (Supporting Information Fig. S4).

Additionally, the radius of gyration (ROG) of the prodrug

tetramer gradually decreased over the simulation time due to the

compacting of the assembled structure into aggregates (Fig. 1C).

In contrast, no decrease in ROG was observed when VPF was

absent from the structure. These results indicate that prodrug

conjugates form nanoassemblies solely via intermolecular in-

teractions without the use of additional carrier materials. The

interaction between the PROTAC cleaved from the prodrug

conjugate and the two target proteins (PTP1B and VHL) was

further simulated to confirm the binding ability. As illustrated in

Supporting Information Fig. S5, the ertiprotafib moiety in

PROTAC forms an extensive binding network with the catalytic

site of PTP1B, incorporating electrostatic and hydrogen bond

networks. Notably, the fused aromatic rings exhibit cation—π

interactions with Lys116, while also showing potential

interactions with π—alkyl and alkyl hydrophobic residues.

Furthermore, the ertiprotafib engages in additional interactions,

including conventional hydrogen bonds and carbon—hydrogen

bonds with Gly183, Pro180, Asp181 and Arg112. Additionally,

the AVPIAQ peptide sequence in PROTAC interacts with VHL,

forming hydrogen bonds, π—alkyl interactions and van der Waals

interactions. In particular, His110, Ile109 and Tyr112 exhibit the

potential to form conventional hydrogen bonds, while Trp88 and

His115 are expected to contribute additional binding affinity

through π—alkyl interactions. Pro99 and Trp117 may enhance

molecular accommodation within the binding site through van

der Waals interactions.

The resulting PNPTP1B achieves an outstanding drug loading

capacity of 88.6% comprising 54.4% PROTAC and 34.2% VPF.

The nanoassemblies demonstrated remarkable stability in mouse

serum, showing no significant changes in hydrodynamic size and

polydispersity index (PDI) for 3 days (Fig. 1D and Supporting

Information Table S1). The UV—vis spectrum of PNPTP1B dis-

played characteristic absorption peaks at approximately 370, 430,

580, 630 and 690 nm (Fig. 1E and Supporting Information

Fig. S6). Both PNPTP1B and VPF revealed similar fluorescence

emissions, peaking at 670 nm (Fig. 1F). The PNPTP1B and VPF

promoted comparable levels of ROS upon laser irradiation, sug-

gesting that the photoactivity of VPF remains unaltered following

its modification into prodrug conjugates (Fig. 1G). Lastly,

PNPTP1B was completely cleaved into PROTAC and K-conjugated

VPF (VPF—K) within 1 h incubation with Cat B (Fig. 1H).

LC—MS analysis supported these findings by identifying the exact

molecular weights corresponding to each metabolite (1412.2 m/z

[M] and 706.2 [M+2H]2+ for PROTAC, 888.6 m/z [M] for

VPF—K; Supporting Information Fig. S7). In contrast, no

detectable enzymatic cleavage was observed when incubated with

Cat B and its inhibitor Z—FA—FMK. The nanoassemblies were

also stable in the presence of enzymes other than Cat B, such as

Cat D, Cat E, Cat L, caspase-3 or MMP-9, demonstrating superior

selectivity towards the target biomarker (Fig. 1I).

3.2. In vitro evaluation of photodynamic PTP1B proteolysis

Considering that GBM exhibits elevated levels and activity of Cat

B associated with tumor progression22, the photodynamic PTP1B

proteolysis by PNPTP1B was investigated in the mouse glioma cell

line GL261. Their cellular uptake gradually increased in a time-

dependent manner, plateauing after 24 h of incubation, which

was slightly delayed compared to VPF (Fig. 2A and Supporting

Information Fig. S8). The levels of intracellular ROS generated by

PNPTP1B and VPF were nearly identical when the cells were

exposed to laser irradiation after both compounds reached

maximal uptake at 24 h post-incubation (Fig. 2B). In contrast, no

ROS generation was detected in cells treated with only PNPTP1B or

VPF in the absence of laser irradiation.

To verify in vitro PROTAC activity, we evaluated the degrada-

tion of PTP1B and changes in the related downstream signaling

pathways, due to treatment with PNPTP1B. PTP1B contributes to

GBM progression via the Src/ERK and PI3K/AKT pathways by

phosphorylating the ERK and AKT proteins29. GL261 cells

significantly upregulated PTP1B expression, accompanied by an

increase in phosphorylated ERK (pERK) and AKT (pAKT), after

incubation with IFN-γ (Fig. 2C and Supporting Information

Fig. S9). Subsequent treatment with PNPTP1B noticeably degraded

the target protein in a concentration-dependent manner and also

reduced the levels of pERK and pAKT. Notably, PTP1B and related

downstream proteins were fully restored to levels similar to those in

IFN-γ-untreated cells after treatment with 5 μmol/L PNPTP1B. As a

control, IFN-γ-treated cells experienced only a decrease in pERK

and pAKT with no changes in PTP1B levels following incubation

with the allosteric inhibitor ertiprotafib (Supporting Information

Fig. S10). Therefore, these findings demonstrate the PROTAC-

mediated TPD by PNPTP1B, which directly removes PTP1B.

Importantly, PROTAC activity of PNPTP1B more effectively

downregulated pERK and pAKT compared to an equivalent con-

centration of ertiprotafib; indeed, high concentrations of nano-

assemblies decreased these oncogenic proteins to levels

comparable to those in untreated cells. The PROTAC activity of
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PNPTP1B was significantly suppressed by pretreatment with various

inhibitors, such as a Cat B inhibitor (CA-074-Me), a neddylation

inhibitor (NEDD8-activating enzyme inhibitor; Pevonedistat) or a

20S proteasome inhibitor (epoxomicin; Fig. 2D and Supporting

Information Fig. S11). From these results, the mechanism of

PTP1B proteolysis of PNPTP1B was identified as follows: in the

presence of Cat B, nanoassemblies are first decomposed to active

PROTAC, which binds to PTP1B and subsequently brings the E3

ligase. The E3 ligase is then activated by the NEDD8-activating

enzyme to induce polyubiquitination of PTP1B and recruit the

proteasome for degradation, ultimately leading to downregulation

of the Src/ERK and PI3K/AKT pathways. Therefore, PNPTP1B can

mitigate uncontrolled proteolysis at off-target sites by silencing the

always-on bioactivity of PROTAC and selectively stimulating it

only in the presence of the target enzyme.

The cytotoxicity of PNPTP1B-mediated photodynamic PTP1B

proteolysis was evaluated under cultured conditions. Allosteric

inhibition of PTP1B with ertiprotafib resulted in minimum GBM

cell death (Fig. 2E). Interestingly, PNPTP1B without laser irradia-

tion (-L) elicited significantly greater cytotoxicity than ertiprota-

fib, highlighting the superior efficacy of PTP1B proteolysis over

the conformational blockade. Upon laser irradiation (+L), the

nanoassemblies exhibited an even more potent tumor-killing ef-

fect. In addition, surface calreticulin (CRT) and the extracellular

release of high-mobility group box 1 (HMGB1), heat shock pro-

tein 70 (HSP70) and ATP were significantly increased in

GL261 cells treated with PNPTP1B under laser irradiation (Fig. 2F

and G, Supporting Information Fig. S12). Notably, inhibition of

PTP1B using PNPTP1B (-L) was shown to slightly induce the

release of DAMPs in GL261 cells, suggesting that PTP1B might

influence the ER stress response, autophagy or other processes

intersecting with the pathways driving ICD. These findings verify

that PNPTP1B synergizes photoactivity and the PROTAC mode of

action to promote ICD, characterized by several DAMPs such as

surface CRT translocation and the extracellular release of soluble

mediators in GBM cells.

Figure 1 Physicochemical characterization of PNPTP1B. (A) Hydrodynamic size and morphology of PNPTP1B in aqueous condition (n � 5). (B)

Molecular dynamics (MD) simulation of prodrug tetramer, with the aromatic segments of VPF highlighted in yellow for clarity. (C) Radius of

gyration (ROG) spectrum determined from MD simulation results over 20 ns. (D) Average particle size and polydispersity index (PDI) of PNPTP1B

in mouse serum (n � 5). (E) UV—vis and (F) fluorescence spectra of PNPTP1B and VPF. (G) ROS generation by PNPTP1B and VPF under laser

irradiation (n � 5). Cleavage behavior of PNPTP1B upon incubation in (H) Cat B alone or with its inhibitor, or (I) other enzymes such as Cat D,

Cat E, Cat L, caspase-3 and MMP-9.
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3.3. T cell reinvigoration by PTP1B proteolysis

Next, we investigated the beneficial effects of PTP1B proteolysis

in T cells, given the crucial role of PTP1B as an intracellular

immune checkpoint associated with T cell exhaustion8. PTP1B

expression was significantly upregulated in CD8+ T cells isolated

from tumor tissues of GL261 tumor-bearing mice relative to

splenic T cells from tumor models and naive mice (Fig. 3A).

Consequently, T cells in tumors exhibited a high proportion of

exhaustion markers PD-1 and Tim3 (Fig. 3B). This illustrates that

T cell exhaustion occurs due to an immunosuppressive network

consisting of cancer cells, stromal cells, inflammatory cells and

Figure 2 Photodynamic PTP1B proteolysis in GBM cells. (A) Representative fluorescence images of GL261 cells after treatment with PNPTP1B

(n � 3). (B) ROS generation in GL261 cells following treatment with VPF or PNPTP1B in the absence (-L) or presence (+L) of laser irradiation

(n � 3). (C) Expression levels of PTP1B and proteins related to the Src/ERK and PI3K/AKT pathways in GL261 cells incubated with the

indicated treatments. (D) Representative fluorescence images of PTP1B-stained GL261 cells after incubation with the indicated treatments

(n � 3). (E) GL261 cell viability following treatment with ertiprotafib or PNPTP1B (-L or + L; n � 5). 0 μmol/L PNPTP1B (+L) represents the

viability of GL261 cells exposed to the laser without PNPTP1B treatment. (F) Surface CRT expression and (G) extracellular release of HMGB1,

HSP70 and ATP in GL261 cells following treatment with ertiprotafib or PNPTP1B (-L or + L; n � 3). Data are expressed as mean ± SD.

***P < 0.001, ****P < 0.0001.
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cytokines in the tumor microenvironment2. We also found that

intratumoral T cells expressed higher levels of Cat B compared to

splenic T cells from tumor-bearing and naive mice. Based on these

results, we postulated that PNPTP1B could lead to the activation

and proliferation of TILs by alleviating exhaustion through

PTP1B proteolysis, thereby enhancing their effector function.

PNPTP1B showed similar cellular uptake in intratumoral T cells

as in GBM cells, with maximum accumulation 24 h post-

incubation, leading to the degradation of intracellular PTP1B

(Fig. 3C and D, Supporting Information Fig. S13). Importantly,

48 h of treatment with nanoassemblies significantly down-

regulated PD-1 (42.47 ± 6.41%) and Tim3 (30.2 ± 4.33%)

expression levels compared to the untreated (PD-1: 69.6 ± 6.46%,

Tim3: 65.6 ± 4.84%) or ertiprotafib-treated (PD-1:

57.43 ± 5.29%, Tim3: 47.53 ± 3.11%) groups (Fig. 3E and

Supporting Information Fig. S14). We further analyzed the

Figure 3 T cell reinvigoration by PTP1B proteolysis. (A) Expression levels of PTP1B and cathepsin B (Cat B) in splenic and tumor-derived T

cells from GL261 tumor-bearing mice, as well as splenic T cells from naive mice. (B) Populations of PD-1-positive and Tim3-positive cells within

T cells isolated from different origins (n � 3). (C) Time-dependent cellular uptake of PNPTP1B in tumor-derived T cells. (D) Expression levels of

PTP1B in tumor-derived T cells after treatment with PNPTP1B. (E) Populations of PD-1-positive and Tim3-positive cells within tumor-derived T

cells treated with ertiprotafib or PNPTP1B (n � 3). (F) Extracellular IFN-γ release from tumor-derived T cells treated with ertiprotafib or PNPTP1B

(n � 3). (G) Proliferation of tumor-derived T cells treated with ertiprotafib or PNPTP1B (n � 3). (H) Representative fluorescence images of

GL261 cells cocultured with tumor-derived T cells treated with ertiprotafib or PNPTP1B. (I) Lysis of GL261 cells by tumor-derived T cells treated

with ertiprotafib or PNPTP1B (n � 3). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

4894 Yeongji Jang et al.



exhaustion markers 24 h-post treatment. T cells treated with

ertiprotafib or PNPTP1B showed lower PD-1 and Tim3 levels

compared to untreated cells, though no significant differences

were observed between the two groups (Supporting Information

Fig. S15). These results highlight the continuous target protein

degradation by PNPTP1B due to its recyclable action, in stark

contrast to ertiprotafib, which is effective but not sustained.

PTP1B proteolysis mediated by PNPTP1B subsequently initiated T

cell activation, as evidenced by a higher quantity of extracellular

release of the inflammatory cytokine IFN-γ (Fig. 3F). Ultimately,

extensive proliferation was observed in T cells following treat-

ment with PNPTP1B rather than ertiprotafib (Fig. 3G). These effects

resulted in a significant number of PNPTP1B-treated T cells sur-

rounding the GBM cells in the coculture system, suggesting

enhanced recognition of the target cells (Fig. 3H). Finally,

GL261 cell lysis by cocultured T cells significantly increased in

the PNPTP1B group relative to the other groups (Fig. 3I). These

findings underscore the remarkable effect of nanoassemblies in

reinvigorating T cells via PTP1B degradation.

3.4. In vivo antitumor immune responses by photodynamic

PTP1B proteolysis

The in vivo efficacy of PNPTP1B-mediated photodynamic PTP1B

proteolysis was evaluated in GBM mouse models established by

subcutaneous inoculation of GL261 cells into the flanks. Initially,

near-infrared fluorescence (NIRF) imaging was conducted to track

biodistribution and determine the optimal timing for laser irradi-

ation. As shown in Supporting Information Fig. S16A, PNPTP1B

demonstrated outstanding tumor targeting due to passive accu-

mulation via the EPR effect in contrast to the small molecule VPF,

which exhibited poor tumor targetability44. Ex vivo NIRF images

further confirmed their significant tumor accumulation 3 h post-

injection (Fig. S16B). Based on these results, both compounds

with an equivalent VPF dose were intravenously injected into

mice, followed by laser irradiation on the GBM tissues 3 h after

treatment. Therapeutic efficacy was assessed in five groups: (i)

Saline, (ii) Laser only (Laser), (iii) PROTAC (Supporting Infor-

mation Fig. S17), (iv) VPF with laser (+L), (v) PNPTP1B without

Figure 4 Antitumor immune responses induced by photodynamic PTP1B proteolysis in a GBM model. (A) GL261 tumor growth in mice

following treatment with saline, laser only (Laser), PROTAC, VPF with laser irradiation (+L), PNPTP1B without laser irradiation (-L) or PNPTP1B

(+L; n � 5). (B) GBM tissues stained with H&E and TUNEL. (C) Representative fluorescence images of tumor tissues stained for PTP1B or

Tim3. (D) Population of PD-1-positive T cells in tumor tissues (n � 5). (E) Population of CRT-positive tumor cells and relative extracellular

levels of HMGB1 and HSP70 in GBM tissues (n � 5). Populations of (F) mature DCs and (G) cytotoxic T cells in tumor tissues (n � 5). (H)

Level of IFN-γ in tumor supernatants (n � 5). (I) Population of splenic effector/memory T cells in CR and naive mice following GL261 tumor

rechallenge (n � 5). (J) Rechallenged GL261 tumor growth in CR and naive mice, with dashed lines showing individual tumor growth (n � 5).

(K) Serum levels of IFN-γ and IL-6 in CR and naive mice following tumor rechallenge (n � 5). Data are expressed as mean ± SD. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.
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laser (-L) and (vi) PNPTP1B (+L). While the other groups showed

constant tumor progression, all mice in the PNPTP1B (+L) group

experienced complete regression (CR) within 8 days of treatment

(Fig. 4A). Histological analysis revealed marked structural ab-

normalities and apoptosis in tumor tissues from the PNPTP1B (+L)

group (Fig. 4B and Supporting Information Fig. S18). Meanwhile,

no noticeable changes in body weight or damage to major organs

were observed in any of the groups during the 25 days following

treatment (Supporting Information Fig. S19).

The antitumor immune response was evaluated by examining

changes in tumor immunogenicity on Day 3 following treatment

using the same protocol as above. Treatment with either PNPTP1B

(-L) or (+L) significantly reduced the expression levels of PTP1B

and Tim3 in tumor tissues in comparison to the other groups (Fig. 4C

and Supporting Information Fig. S20). This indicates the restoration

of exhausted TILs through in vivo PTP1B degradation by PNPTP1B’s

PROTAC activity. The effects of nanoassemblies in reinvigorating T

cell function in tumor tissues were further confirmed by a decrease in

PD-1-positive T cells (CD3+CD8+PD-1+) in both the PNPTP1B (-L)

and (+L) groups (Fig. 4D and Supporting Information Fig. S21).

Next, the tumor tissues from the PNPTP1B (+L) group exhibited a

significantly increased population of CRT-positive tumor cells

(CD45− CRT+) compared to the VPF (+L) and PNPTP1B (-L) groups.

These results, along with a substantial extracellular release of

HMGB1 and HSP70, were associated with DC maturation, charac-

terized by the presence of CD11c+CD40+ cells in tumor tissues

(Fig. 4E and F, Supporting Information Fig. S22). Consequently, the

PNPTP1B (+L) group showed a 1.2-fold increase in cytotoxic T cells

in tumor tissues relative to the PNPTP1B (-L) group (Fig. 4G and

Supporting Information Fig. S23). The enhanced activity of TILs in

the PNPTP1B (+L) group was verified by their substantial release of

IFN-γ into tumor supernatants (Fig. 4H). Note that the population

and function of TILs also increased in the PNPTP1B (-L) groups due to

PTP1B inhibition-mediated T cell activation. Given that PDT could

damage T cells, the apoptosis rate of T cells within tumor tissues was

assessed, showing no significant differences between the VPF (+L)

Figure 5 Therapeutic efficacy of photodynamic PTP1B proteolysis in an orthotopic GBM model. (A) Whole-body NIRF images of orthotopic

GBM mice after intravenous injection of VPF or PNPTP1B. Red circles indicate the region of the orthotopic GBM. (B) Ex vivo NIRF images of

GBM tissues 6 h after administration of VPF or PNPTP1B (n � 3). (C) Histology showing GBM accumulation of VPF and PNPTP1B. (D) GBM

tissues stained with H&E on Day 10 following treatment. GBM tissues stained for (E) CD8, (F) PTP1B, or PD-1 and Tim3. ‘N’ and ‘T’ in the

Figures indicate the non-tumor and tumor regions, respectively. Data type? Data are expressed as mean ± SD. ****P < 0.0001.
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and PNPTP1B (+L) groups compared to the saline group (Supporting

Information Fig. S24). This is because tumor tissues initially show a

low population of T cells, with infiltration beginning after laser

irradiation for PDT-induced ICD. Taken together, these findings

highlight the unique mechanism of nanoassemblies in combining

PDT and PTP1B proteolysis to induce potent ICD in tumors and

reverse the immunosuppressive tumor microenvironment. Mean-

while, T cells are not exposed to PDT, as they reach the tumor tissues

after ICD. Subsequently, T cells overexpress cathepsin B due to

priming and activation in response to released DAMPs and tumor

antigens, primarily undergoing PTP1B degradation and alleviating

exhaustion.

Afterward, the mice that experienced CR due to treatment with

PNPTP1B (+L) were rechallenged with GBM cells to assess the

immunological memory conferring resistance against recurrence

by previously encountered tumors. As expected, a hallmark of

adaptive immunity after cancer immunization, the proportion of

effector memory T cells (Tem) within splenic CD8+ T cells

increased considerably in CR mice as opposed to naive mice

(Fig. 4I). This resulted in protective immune responses, with

rechallenged GL261 cells failing to grow in CR mice (Fig. 4J).

Furthermore, the serum levels of IL-6 and IFN-γ were signifi-

cantly upregulated in the CR mice in comparison to naive mice on

Day 15 post-tumor rechallenge (Fig. 4K).

3.5. Therapeutic efficacy of photodynamic PTP1B proteolysis in

a GBM orthotopic model

The efficacy of PNPTP1B was further assessed in the GBM

orthotopic model. We first monitored the biodistribution of

nanoassemblies in the orthotopic model using NIRF imaging to

optimize the timing of laser irradiation (Fig. 5A and Supporting

Information Fig. S25). The fluorescence from PNPTP1B observed

in the brain was higher than that of VPF, exhibiting a 2.16-fold

greater intensity at 6 h post-injection at which both reached

peak accumulation. This is attributable to the commonly observed

phenomenon that nanoparticles penetrate the disrupted BBB

during GBM progression23. Ex vivo NIRF imaging further

confirmed the considerable presence of nanoassemblies in the

brain tissues (Fig. 5B). Particularly, histological analysis visual-

ized a substantial accumulation of PNPTP1B in the tumor regions

within the brains (Fig. 5C and Supporting Information Fig. S26).

When the tumor regions were exposed to laser irradiation 6 h after

administration, PNPTP1B suppressed GBM formation and growth

more effectively than VPF (Fig. 5D and Supporting Information

Fig. S27). Orthotopic tumor tissues in the PNPTP1B (+L) group

revealed a significantly higher quantity of effector T cells

compared to the other groups (Fig. 5E and Supporting Information

Fig. S28). These results are attributed to the downregulation of

PD-1 and Tim3 in the GBM region due to effective PTP1B pro-

teolysis by PNPTP1B (+L) treatment (Fig. 5F and Supporting In-

formation Fig. S29). Consequently, extensive apoptotic cell death

occurred within the GBM area following treatment with PNPTP1B

(+L) (Supporting Information Fig. S30). Taken together, our

findings emphasize the remarkable efficacy of PNPTP1B’s photo-

dynamic PTP1B proteolysis for effectively eradicating GBM.

4. Conclusions

In summary, we established a streamlined yet effectively coordi-

nated nanomedicine to elicit an innate immune response and

eliminate T cell exhaustion for countering ITM within GBM. By

leveraging PROTAC technology, removing intracellular PTP1B

resulted in obvious effects depending on the cell types. In tumor

cells, PTP1B degradation amplified the ICD induced by PDT

under laser irradiation, which promoted DC maturation and T cell

priming. On the other hand, intratumoral T cells experienced

downregulation of PD-1 and Tim3 due to PTP1B knockdown,

counteracting T cell exhaustion caused by the immunosuppressive

network in GBM and continuously maintaining their functionality.

To maximize the efficacy of these events, nanoassemblies inte-

grating a photosensitizer and PTP1B-targeting PROTAC were

designed to cross the disrupted BBB and reach the desired region.

Furthermore, these two distinct therapeutics were linked with a

substrate peptide for the GBM biomarker cathepsin B, enabling

selective activation at the target site while minimizing uncon-

trolled off-target proteolysis by PROTAC. Particularly, with the

supramolecular assembly mechanism, the nanomedicine devel-

oped in this study represented innovative advancements from both

technical and industrial perspectives by excluding the need for

excessive carrier materials used in conventional nanoparticles.

Given that this system could be extended to other POIs by

incorporating relevant targeting moieties, this study offers a ver-

satile platform for photodynamic proteolysis, inspiring further

research into the broader application of PROTACs in cancer

immunotherapy. By combining with recent advanced medical

devices, such as optical fibers and implantable devices, the effi-

cacy and safety of PROTAC nanoassemblies for GBM treatment

can be further enhanced by overcoming the fundamental short-

coming of light’s limited penetration depth through precise and

efficient light delivery to deeper tumor regions.
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