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SUMMARY
Despite the transformative impact of programmed cell death protein-1 (PD-1) blockade therapy on metasta-
tic/advanced solid tumor treatment, its efficacy is hindered by a limited response rate. Platelets play a pivotal
role in tumor metastasis by shielding circulating tumor cells and secreting immunosuppressive factors. We
here demonstrate that selectively inducing apoptosis in tumor-associated platelets (TAPs) using ABT-737-
loaded nanoparticles (cyclic arginine-glycine-aspartate containing peptide-modified ABT-737-loaded nano-
particles [cRGD-NP@A]) enhances the anti-metastatic efficacy of the anti-PD-1 antibody (aPD-1). cRGD-
NP@A specifically binds to TAPs, disrupting platelet-tumor cell interactions and exposing tumor cells to
immune surveillance in vivo. Combined with aPD-1, cRGD-NP@A substantially augments immune activation
and reduces TAP-derived immunosuppressive factors, notably transforming growth factor b1 (TGF-b1),
consequently improving anti-metastatic outcomes across multiple metastasis-bearing animal models
without observable adverse effects. Our study underscores the importance of depleting TAPs to enhance
PD-1 blockade therapy, presenting a promising strategy to improve response rates and clinical outcomes
for patients with metastatic cancer.
INTRODUCTION

Metastasis, a hallmark of cancer, stands as the leading cause of

cancer-related deaths and remains a major challenge for cancer

treatment.1 The interaction between programmed cell death pro-

tein ligand-1 (PD-L1) on tumor cells and the immune checkpoint

programmed cell death protein-1 (PD-1) on T cells aids tumor

cells in evading immune destruction, facilitating successful

metastasis.2–4 PD-1/PD-L1 inhibitors, which can disrupt this

interaction, have transformed the treatment landscape for meta-

static/advanced solid tumors, with favorable safety profiles.5

Yet, their response rate is limited, benefiting only a small propor-

tion of patients with metastatic cancer. Elevating the response

rate to PD-1/PD-L1 inhibitors remains challenging for prolonging

the overall survival of patients with cancer.

The metastatic cascade, wherein tumor cells spread from the

primary tumors to surrounding tissues or distant organs, involves

invasion, intravasation, circulation, extravasation, and coloniza-
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tion.6 Platelets, the second most abundant cells in the blood,

play a critical role in various stages of cancer metastasis.7–9 In

response to tumor-derived stimuli, platelets were found to

have enhanced activity with upregulated adhesion protein

expression and elevated secretion of bioactive factors from

granules.9–11 These alterations, leading to ‘‘tumor-educated

platelets’’ or ‘‘tumor-associated platelets’’ (TAPs), facilitate tu-

mor growth and metastasis.12,13 Once tumor cells enter the

bloodstream, TAPs serve as ‘‘first responders’’ by rapidly

adhering to their surface to form protective hetero-aggregates

within minutes, with tumor cells at the core.14,15 These hetero-

aggregates not only physically shield tumor cells from shear

forces and immune surveillance but also provide an abundant

source of adhesion proteins for blood vessel arrest in distant or-

gans.16–20 Furthermore, TAPs enhance tumor cell colonization at

distant sites by inducing endothelial openings and forming pre-

metastatic niches through the secretion of nucleotides and

abundant immunosuppressive factors, especially transforming
rch 18, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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growth factor b1 (TGF-b1), respectively.14,21,22 Existing clinical

evidence indicates that aggregates of tumor cells and hyperac-

tive/activated platelets are frequently found in circulation, along

with TAPs in metastatic foci.23,24 The hyperactivity of circulating

platelets and their prevalence in metastases have been linked to

poor prognosis in patients with metastatic cancer,25,26 under-

scoring platelets as an important target in metastatic cancer

management. Despite PD-1/PD-L1 blockade, the persistence

of this physical shielding and immunosuppressive microenviron-

ment poses a significant challenge, leading to therapeutic failure.

In addition to their well-established roles in hemostasis and tu-

mor metastasis, platelets have also been recognized as versatile

immune cells, exhibiting pro-inflammatory functions in condi-

tions such as immunothrombosis and anti-inflammatory effects

in maintaining circulating monocyte quiescence.27,28 This under-

scores the importance of maintaining a normal platelet count to

preserve both vascular and immune balance.

Inspired by these findings, we hypothesized that selectively

inducing apoptosis in TAPs might promote immune cell recogni-

tion of metastatic tumor cells, reduce TGF-b1-mediated immune

suppression, and, consequently, improve the efficacy of anti-

PD-1 (aPD-1) treatment. To test our hypothesis, we constructed

a polymeric nanoparticle loaded with ABT-737, a common

platelet apoptosis inducer that functions by inhibiting the activity

of anti-apoptotic protein BCL-xL in platelets,29 using self-

assembled biocompatible poly(lactic-co-glycolic acid) (PLGA)

nanoparticles. Encapsulation of hydrophobic ABT-737 inside

improved its bioavailability and safety. Additionally, we modified

the nanoparticle surface with cyclic arginine-glycine-aspartate

(cRGD)-containing peptide for specific targeting of TAPs. This

modification facilitates nanoparticle binding and internalization

by TAPs, enabling the release of encapsulated ABT-737 inside,

thereby inducing apoptotic responses within these platelets.

Systemic administration of the resulting formulation, cRGD-

modified ABT-737-loaded nanoparticles (cRGD-NP@A), effec-

tively disrupted platelet-tumor cell interactions, reduced platelet

activation and TGF-b1 secretion, and consequently inhibited tu-

mor metastasis in both metastatic tumor-bearing mouse and rat

models without detectable bleeding risks. Further combination

of cRGD-NP@A with aPD-1 antibody significantly enhanced im-

mune activation and anti-metastatic efficacy of aPD-1, without

causing additional side effects. Our study reveals a significant

connection between TAP targeting and aPD-1 treatment effi-

cacy, presenting a safe and promising strategy to enhance the

response rates and clinical outcomes in patients with metastatic

cancer undergoing PD-1 blockade therapy.

RESULTS

Investigation of tumor cell impact on platelet activity
and construction of TAP-targeting nanoparticles
To verify the effect of tumor cells on platelet activity, we first co-

incubated CellMask Orange-labeled platelets isolated from

healthy C57BL/6N mice with murine B16-F10 melanoma cells.

The co-incubation resulted in platelet activation within 1 h, and

the activation level positively correlated with the duration of incu-

bation, as demonstrated by the increased CD62P expression, a

common surface marker of platelet activation (Figure S1A).
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Further, the platelets collected from mice bearing B16-F10 pul-

monary metastasis showed an 8.7-fold increase in CD62P

expression and a 2.2-fold enhanced response to the agonist

ADP compared to those from healthy controls (Figures S1B

and S1C). By contrast, the platelets from mice only bearing

subcutaneous primary melanoma tumors exhibited slightly

increased reactivity to ADP stimulation in contrast to control

ones. Moreover, the JON/A antibody, which specifically recog-

nizes the active form of the glycoprotein IIb/IIIa (GPIIb/IIIa) re-

ceptor, a well-known platelet activation marker, exhibited

increased binding to platelets from B16-F10 metastasis-bearing

mice, both with and without ADP stimulation (Figure S1D). The

increased release of thrombospondin 1 and soluble CD62P

into circulation further confirms platelet activation and hyperre-

activity induced by metastatic melanoma in vivo (Figure S1E).

Additionally, nearly all platelets within the tumor tissues showed

clear expression of activated GPIIb/IIIa, indicating that tumor-

infiltrating platelets are activated under the influence of the tumor

microenvironment (TME) (Figure S1F). These results suggest that

tumor cells have the capacity to trigger platelet activation and

hyperreactivity both in vitro and in vivo, consistent with the find-

ings reported in earlier studies.10,30,31 Additionally, our results

also reveal that metastatic tumors possess a greater propensity

to prompt circulating platelets into a hyperreactive state

compared to non-metastatic primary tumors, possibly attributed

to the increased likelihood of direct contact between metastatic

tumor cells and platelets.

To develop nanoparticles that effectively target TAPs, we first

conducted a screening to identify the optimal peptide for guiding

the nanoparticles to TAPs. We compared the targeting abilities of

the cyclic arginine-glycine-aspartate containing CNPRGDY(OEt)

RCpeptide (cRGD) andP-selectin (CD62P)-targetingDAEWVDVS

peptide (PSN) on both agonist- and tumor cell-stimulated plate-

lets. Notably, the cRGD and PSN peptides were known to selec-

tively bind to active GPIIb/IIIa (also known as integrin aIIbb3) and

CD62P, respectively, on activated/hyperactive platelet sur-

faces.32,33 To effectively simulate the hyperactive state of TAPs

in vitro, we employed ADP, a major platelet agonist secreted by

tumor cells,34,35 to activate platelets. Flow cytometry analysis

demonstrated specific binding of cRGDpeptide to ADP-activated

platelets, as evidenced by a comparable level of CD62P-positive

with cRGD-fluorescein isothiocyanate (FITC)-positive platelets,

while negligible binding to resting platelets was observed

(Figures S2A and S2B). Furthermore, cRGD-FITC rapidly bound

to platelets stimulated by B16-F10 cells, whereas minimal binding

was observed in unstimulated platelets (Figure S2C). In contrast,

the attachment of PSN peptide to both ADP- and B16-F10-stim-

ulated platelets was significantly weaker than those observed

with cRGD. Notably, the cRGE control peptide (CNPRGEY(OEt)

RC), in which the functional aspartate (D) residue in the cRGD

sequence is substituted with glutamate (E), showedminimal bind-

ing to both resting and activated platelets (Figure S3A). Moreover,

cRGD exhibited minimal binding to B16-F10 tumor cells, which

express several integrins such as b1 and a536,37, resulting in fewer

than 1% of cells positive for cRGD signal, highlighting its high

specificity for targeting activated platelets (Figure S3B). These re-

sults underscore the stronger targeting ability of the cRGDpeptide

toward TAPs than the PSN peptide; thus, the cRGD peptide was



Figure 1. Preparation and characterization of the cRGD-NP@A nanoparticles

(A) Schematic illustration of the preparation of cRGD-NP@A.

(B) Representative TEM image of cRGD-NP@A. Scale bar, 100 nm.

(C) Size distribution of cRGD-NP@A analyzed using dynamic light scattering.

(D) In vitro drug release profile of ABT-737 from cRGD-NP@A at pH 7.4 and pH 5.0 within 48 h.

Data are presented as mean ± SD, n = 3 biological replicates.

See also Figures S1–S5.
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employed for constructing TAP-targeting nanoparticles. The

cRGD peptide was first conjugated with PLGA-PEG-NHS

(PLGA-b-poly(ethylene glycol)-N-hydroxysuccinimide) to form

PLGA-PEG-cRGD (Figures S4A and S4B). Flow cytometry anal-

ysis demonstrated that cRGDmodification significantly enhanced

nanoparticle uptake by ADP-activated platelets, with nanopar-

ticles containing 40% PLGA-PEG-cRGD in the total PLGA-me-

thoxy PEG (mPEG) formulation showing the strongest uptake (Fig-

ure S2D). Therefore, a 2:3 PLGA-PEG-cRGD:PLGA-mPEG ratio

was used to prepare cRGD-NP@A (Figure 1A). Transmission elec-

tron microscopy (TEM) revealed a spherical shape of cRGD-

NP@A with a hydrodynamic diameter of �104 nm (Figures 1B

and 1C; Table S1). The drug loading rate and encapsulation effi-

ciency of cRGD-NP@A were 5.58% ± 0.17% and 59.10% ±

1.92%, respectively (Table S1), with a markedly higher in vitro

drug release rate at pH 5.0 (57%) than that at pH 7.4 (18%) within

48 h (Figure 1D). The hydrodynamic size of cRGD-NP@A did

not change obviously when incubated with 10% fetal bovine

serum for 24 h at 37�C or stored at 4�C for 7 days (Figures S5A
and S5B), suggesting excellent stability of the nanoparticles.

The hemolytic activity assay revealed no significant hemolysis

induced by cRGD-NP@A, indicating its favorable biocompatibility

(Figure S5C).

cRGD-NP@A binding to TAPs triggers apoptosis of TAPs
in vitro

The targeting capability of cRGD-NP@A toward activated plate-

lets was first evaluated in vitro, using unmodified nanoparticles

(PEG-NP@A) as the control. Flow cytometry analysis demon-

strated a 3.7-fold increase in Cy5.5 fluorescence in ADP-acti-

vated platelets incubated with Cy5.5-labeled cRGD-NP@A,

compared to PEG-NP@A (Figures 2A and S6A). By contrast,

comparable Cy5.5 fluorescence levels were detected in resting

platelets treated with PEG-NP@A or cRGD-NP@A. Consistently,

confocal microscopy observations revealed a faster and

increased accumulation of cRGD-NP@A in activated platelets

compared to resting platelets (Figure S6B). Blocking GPIIb/IIIa

receptors with fibrinogen or cRGD significantly reduced the
Cell Reports Medicine 6, 101984, March 18, 2025 3
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uptake of cRGD-NP@A by activated platelets to levels compara-

ble to PEG-NP@A, whereas blocking integrin b1 on platelets

showed no detectable effect on cRGD-NP@A uptake (Fig-

ure S6C). In contrast, neutrophils, monocytes, B cells, and

T cells, which express various integrins such as aLb2 and a4b1,

demonstrated comparable uptake for both cRGD-modified and

unmodified nanoparticles (Figure S6D). These results further

suggest that cRGD facilitates nanoparticle entry specifically by

binding to GPIIb/IIIa receptors on activated platelets. The acti-

vated platelet apoptosis was then measured by flow cytometric

determination of mitochondrial membrane potential (DJm)

dissipation and phosphatidylserine (PS) externalization. Treat-

ment with cRGD-NP@A for 2 h triggered a significantly enhanced

apoptotic response in ADP-activated platelets than in resting

platelets, as evidenced by the higher percentages ofDJmdepo-

larization and stronger PS fluorescence signals detected in

the former (Figures 2B and 2C). Western blot analysis of

apoptosis-related proteins in activated platelets revealed that

both cRGD-NP@A and free ABT-737 shared similar mechanisms

of action, marked by reduced levels of anti-apoptotic B-cell lym-

phoma-extra large protein (BCL-xL) and increased caspase-3

expression (Figures S7A–S7C). Treatment with cRGD peptide

or empty cRGD-NP nanoparticles did not induce significant PS

exposure in either resting or activated platelets (Figure S8A). Be-

sides, treatment with cRGDpeptide or cRGD-NP@A for 2 h failed

to trigger significant apoptosis in B16-F10 cells even at ABT-737

concentrations up to 10 mM (Figure S8B), possibly due to the

limited binding of cRGD to these cells and the intrinsic resistance

of B16-F10 cells to ABT-737-induced apoptosis.29,38 These find-

ings suggest that cRGD modification enhances the uptake of

cRGD-NP@A by activated platelets, facilitating subsequent

apoptosis through the release of ABT-737 within the platelets.

We then examined the targeting and apoptosis-inducing ca-

pabilities of cRGD-NP@A in TAPs, prepared by exposing plate-

lets to adherent B16-F10 tumor cells, which were removed after

co-incubation. cRGD-NP@A displayed rapid accumulation

within tumor cell-stimulated platelets, with a robust Cy5.5 fluo-

rescence signal observed using confocal microscopy (Fig-

ure 2D). Minimal Cy5.5 fluorescence signal was detected in

TAPs treated with PEG-NP@A or in resting platelets treated

with either nanoparticle, indicating the excellent TAP targeting

ability of cRGD-NP@A. We further compared the apoptosis-

inducing efficiency of cRGD-NP@A in TAPs and resting platelets.

Both free ABT-737 and PEG-NP@A triggered comparable levels

of apoptosis in platelets with and without B16-F10 stimulation,

with both relative apoptotic rates (represented as TAPs normal-

ized to resting platelets) being �1 (Figures 2E and 2F). In

contrast, cRGD-NP@A induced a 2- to 3-fold higher DJmdepo-

larization and PS externalization in TAPs compared to resting

platelets. These data demonstrate that cRGD-NP@A effectively

targets TAPs and induces apoptosis more efficiently than in

resting platelets. This differential activity could be crucial for

selectively eliminating hyperreactive TAPs in vivo.

cRGD-NP@A accumulates in TAPs to inhibit platelet-
tumor cell interaction in vivo

We first analyzed the biodistribution and pharmacokinetics of

cRGD-NP@A by measuring plasma and tissue drug concentra-
4 Cell Reports Medicine 6, 101984, March 18, 2025
tions at various time points following single intravenous adminis-

tration in healthyC57BL/6Nmice. The results showed that cRGD-

NP@A was predominantly metabolized by the liver, with most of

the drug cleared within 24 h, suggesting a low risk of accumula-

tion-related toxicity (Figure S9). The TAP targeting ability of

cRGD-NP@Awas then evaluated in B16-F10 metastasis-bearing

mice following intravenous injection of free Cy5, Cy5-labeled

PEG-NP@A, and cRGD-NP@A. In vivo real-time fluorescence im-

aging showed higher Cy5 fluorescence in the lung region of mice

treatedwith cRGD-NP@A compared to control groupswithin 24 h

post injection (Figure S10A). Ex vivo imaging of major organs re-

vealed a 5-fold and 4-fold increase of Cy5 fluorescence in the

lungs of mice after cRGD-NP@A treatment compared to those

treated with free Cy5 and PEG-NP@A, respectively (Figures 3A

and 3B). In contrast, the cRGD-NP@A and PEG-NP@A exhibited

similar biodistribution in healthy C57BL/6N mice, with compara-

ble fluorescence intensities observed in the lungs and othermajor

organs (Figures S10B–S10D). Furthermore, the lungs of mice

collected 2 h post treatment with cRGD-NP@A showed signifi-

cantly stronger Cy5 fluorescence compared to those treated

with PEG-NP@A, with clear colocalization between platelets

(CD41 staining) and nanoparticles in metastatic foci (Figure 3C).

These findings suggest that cRGD-NP@A effectively targets

TAPs in vivo, leading to increased accumulationwithin the pulmo-

nary metastasis regions.

Then, we investigated the apoptosis-inducing effects of cRGD-

NP@A in vivo. Flow cytometry analysis of PS exposure on circu-

lating platelets from B16-F10 lung metastasis-bearing mice

treated with cRGD-NP@A revealed significant apoptosis in

CD62P+ platelets, while resting platelets remained unaffected

(Figure S11A). In contrast, free ABT-737 triggered strong

apoptotic responses in both resting and activated platelets. The

abundant PS on the surface of TAPs facilitates their recognition

and clearance by phagocytes, thereby preventing TAPs from

further interacting with tumor cells and promoting metastasis.

We then proceeded to investigate the influence of cRGD-NP@A

treatment on in vivoplatelet-tumor cell interactions.Wefirst tested

whether cRGD-NP@A could inhibit the formation of circulating

tumor cell-platelet hetero-aggregates. Immunofluorescence anal-

ysis of lung tissue sections from mice co-injected with FITC-anti-

CD41 antibody (for platelet labeling) and CellMask Orange-

labeled B16-F10 cells showed significant platelet adherence

and aggregation in the vicinity of B16-F10 cells, which was

partially inhibited by free ABT-737 and almost completely sup-

pressed by cRGD-NP@A (Figures 3D and S11B). Furthermore,

B16-F10 lung metastasis-bearing mice treated with cRGD-

NP@A for three consecutive treatments showed significantly

decreased platelet surface CD62P and active GPIIb/IIIa expres-

sion, indicating the effective inhibition of tumor cell-induced

platelet activation by cRGD-NP@A in vivo (Figures 3E and

S11C). In contrast, free ABT-737-treated mice exhibited similar

platelet activation levels to saline-treated controls, likely due to

the lack of TAP selectivity. Considering the critical role of platelets

in coagulation, we evaluated the impact of cRGD-NP@A treat-

ment on the coagulation function of metastasis-bearing mice. In

comparison to normal and saline-treated controls, mice treated

with free ABT-737 exhibited a significant decrease in platelet

count, prolonged tail bleeding time, and an increase in activated



Figure 2. cRGD-NP@A binding to TAPs triggers their apoptosis in vitro

(A) Flow cytometry analysis of Cy5.5 fluorescence signals of resting or activated platelets after incubation with Cy5.5-labeled PEG-NP@A or cRGD-NP@A for

30 min, respectively.

(B and C) Measurement of mitochondrial membrane potential (DJm) depolarization (B) and PS externalization (C, presented as annexin V fluorescence fold

change normalized to resting platelets without cRGD-NP@A treatment) in resting or ADP-activated platelets following treatment with cRGD-NP@A for 2 h.

(D) Representative confocal microscopy images of B16-F10-stimulated or unstimulated platelets after incubation with Cy5.5-labeled PEG-NP@A or cRGD-NP@A

for 10 min, respectively. Scale bar, 10 mm.

(E and F) Measurement of DJm depolarization (E) and PS externalization (F) in resting or B16-F10-stimulated platelets after treatment with free ABT-737, PEG-

NP@A, or cRGD-NP@A, respectively. Data are presented as relative apoptotic rates of B16-F10-stimulated platelets normalized to unstimulated controls after

treatment with the same concentration of ABT-737 in different formulations.

Values are mean ± SD, n = 3 biological replicates. Statistical significance was analyzed using two-way ANOVA followed by Dunnett’s test. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.

See also Figures S6–S8.

Article
ll

OPEN ACCESS
partial thromboplastin time (APTT), indicating impaired coagula-

tion function (Figures S12A–S12C). Intriguingly, treatment with

cRGD-NP@A restored the tail bleeding time and APTT to levels

comparable to those of normal mice, suggesting an amelioration

of the hypercoagulable state. Furthermore, platelet count, pro-

thrombin time, thrombin time, and fibrinogen concentration

were also similar between cRGD-NP@A-treated mice and normal
controls (Figures S12D–S12F). Taken together, these data sug-

gest that cRGD-NP@A effectively targets TAPs and disrupts the

interaction between platelets and tumor cells in vivo. This disrup-

tion exposes circulating tumor cells and reduces tumor-induced

platelet activation, thereby alleviating systemic hypercoagulability

associated with metastatic tumors and offering an effective

approach to managing cancer-associated thrombosis.
Cell Reports Medicine 6, 101984, March 18, 2025 5



Figure 3. cRGD-NP@A accumulates in TAPs to inhibit platelet-tumor cell interaction in vivo

(A and B) Ex vivo fluorescence imaging (A) and average Cy5 fluorescence intensity (B) of major organs harvested from C57BL/6N mice bearing B16-F10 pul-

monary metastasis at 24 h after intravenous injection of free Cy5, Cy5-labeled PEG-NP@A, or cRGD-NP@A (n = 3 mice per group).

(C) Immunofluorescence analysis of cRGD-NP@A distribution within metastatic foci 2 h post injection of Cy5-labeled PEG-NP@A or cRGD-NP@A. CD41 staining

was used to visualize platelets. Scale bar, 100 mm.

(D) Analysis of platelet adherence to B16-F10 tumor cells in vivo. Lungs from healthy C57BL/6N mice treated with various formulations, following co-injection of

CellMask Orange-labeled B16-F10 cells and FITC-anti-CD41 antibody, were harvested for frozen section analysis. Scale bar, 50 mm.

(E) Determination of circulating platelet activation level in B16-F10 lung metastasis-bearing mice after three treatments with saline, cRGD-NP, free ABT-737, and

cRGD-NP@A, respectively, at an interval of three days (n = 5 mice per group).

Data are presented asmean ± SD. Statistical significance was analyzed using two-way (B) or one-way (E) ANOVAwith Dunnett’s test. ***p < 0.001, ****p < 0.0001;

ns, not significant.

See also Figures S9–S12.
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cRGD-NP@A enhances anti-metastatic effects of aPD-1
therapy by augmenting anti-tumor immune response
We proceeded to explore whether cRGD-NP@A-mediated TAP

elimination could inhibit tumor metastasis formation and
6 Cell Reports Medicine 6, 101984, March 18, 2025
enhance immune activation, thus augmenting the anti-metasta-

tic efficacy of aPD-1 (Figure 4A). The anti-metastatic activity of

cRGD-NP@A and its influence on aPD-1 efficacy was first eval-

uated in C57BL/6N mice bearing B16-F10 lung metastases. Six



(legend on next page)
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treatments with cRGD-NP@A or aPD-1 resulted in a similar

reduction in lung surface metastatic nodules (�20% reduction)

and metastatic areas (�40% reduction) compared with the sa-

line group (Figures 4B–4E). In contrast, the combination of

cRGD-NP@A with aPD-1 led to a remarkably enhanced anti-

metastatic effect, reducing the number of lung metastases by

58% and causing a 67% reduction in the metastatic area. Corre-

spondingly, treatment with the combination of cRGD-NP@A and

aPD-1 resulted in the greatest extension of survival in B16-F10

metastasis-bearing mice compared to other control groups.

The median survival times were 20.5, 22, 24.5, and 29 days for

the saline, cRGD-NP@A, aPD-1, and the cRGD-NP@A and

aPD-1 combination groups, respectively (Figure S13). Further-

more, no obvious TAP infiltration in lungmetastatic sites was de-

tected in mice treated with cRGD-NP@A or cRGD-NP@A plus

aPD-1, and the circulating TGF-b1 level was also significantly

decreased in both groups in contrast to saline-treated controls,

indicating that cRGD-NP@A efficiently induced TAP elimination

and blocked the secretion of TGF-b1 (Figures 4C and 4F). These

findings demonstrate that the efficient elimination of TAPs by

cRGD-NP@A exerts a noticeable anti-metastatic effect, and

combining cRGD-NP@A with aPD-1 substantially boosts the

anti-metastatic efficacy of aPD-1 therapy.

We further validated the impact of cRGD-NP@A treatment on

aPD-1 efficacy in a C57BL/6N mouse model bearing LLC Lewis

lung carcinoma pulmonary metastasis (Figure S14A). This model

was selected due to the significant application of PD-1 blockade

therapy and the relatively high incidence of metastasis in lung

cancer. Six treatments with cRGD-NP@A led to a smaller num-

ber of lung metastatic nodules (�30% reduction) and a reduced

metastatic area (�44% reduction) compared with the saline

group (Figures S14B–S14D). Treatment with aPD-1 alone ex-

hibited minimal anti-metastatic effect, while the combination of

cRGD-NP@A with aPD-1 dramatically improved the therapeutic

effectiveness of aPD-1, resulting in the fewest nodules and the

smallest metastatic area in the lungs. Further staining of CD41

for platelets confirmed the effective elimination of TAPs in meta-

static foci inmice treatedwith cRGD-NP@A or cRGD-NP@Aplus

aPD-1 (Figure S14B, lower panel). Next, we extended our inves-

tigation to evaluate the broader applicability of cRGD-NP@A for
Figure 4. cRGD-NP@A enhances anti-metastatic effects of aPD-1 ther

(A) Schematic illustration of the action mechanisms of cRGD-NP@A. Intravenous

metastatic sites. cRGD-NP@A then induces apoptosis in TAPs upon endocytos

intervention simultaneously suppresses the secretion of TGF-b1 by TAPs, furth

metastatic effects of concurrent aPD-1 therapy.

(B) Image of lungs collected from B16-F10 metastasis-bearing mice after differe

(C) H&E (upper) analysis and CD41 immunofluorescence staining (lower) of lung

2 mm for the upper panel, 50 mm for the lower panel.

(D and E) Number of surface nodules (D) and metastatic area quantification (E,

bearing mice (n = 5 mice per group).

(F) Plasma level of TGF-b1 of B16-F10 lung metastasis-bearing mice after differe

(G) Treatment schedule for anti-metastasis evaluation in F344 rats bearing MADB

(H) Representative images (upper), H&E analysis (middle), and CD41 staining (low

for the middle panel, 100 mm for the lower panel.

(I and J) Number of surfacemetastatic nodules (I) andmetastatic area quantificatio

n = 4 rats for each group.

Values are mean ± SD. Statistical significance was determined by one-way ANO

See also Figures S13–S15.
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anti-metastasis therapy in a rat pulmonary metastasis model es-

tablished by tail vein injection of MADB106 rat breast cancer

cells (Figure 4G). After six intravenous administrations, the num-

ber of lung metastases and lung metastatic area were signifi-

cantly reduced in rats treated with cRGD-NP@A in contrast to

various controls, with minimal infiltration of platelets observed

in metastatic foci (Figures 4H–4J). Although there is currently

no aPD-1 antibody available for in vivo administration in rats,

the observed effective elimination of TAPs and anti-metastatic

activity of cRGD-NP@A suggest its potential applicability for in-

hibiting metastasis and enhancing the response to aPD-1 ther-

apy. To evaluate the translational potential of cRGD-NP@A as

an anti-metastatic strategy, a patient-derived metastatic model

was established in BALB/c nude mice via intravenous injection

of bladder cancer patient-derived tumor cells, with subsequent

immunohistochemistry confirming high GATA3 (a urothelial

marker) expression in both the original patient tumor and mouse

metastases (Figure S15A), indicating well-preserved patholog-

ical characteristics of the model. Seven consecutive administra-

tions of cRGD-NP@A resulted in approximately 56% and 44%

reductions in the number and area of lung metastases, respec-

tively (Figures S15B and S15C). Additionally, in vitro co-culture

experiments involving bladder cancer patient-derived peripheral

blood mononuclear cells (PBMCs), platelets, and tumor cells

demonstrated a significant attenuation of PBMC-mediated cyto-

toxicity against tumor cells due to the presence of platelets in the

context of aPD-1 treatment (Figure S15D). However, the addition

of cRGD-NP@A markedly restored PBMC functionality, yielding

an apoptotic response in tumor cells comparable to that

observed in the absence of platelets. These findings underscore

the efficacy of our TAP-targeting nanomedicine and its potential

for improving outcomes in patients with metastatic cancer by

enhancing the effectiveness of PD-1 blockade therapy. Overall,

cRGD-NP@A exhibits strong anti-metastatic properties via

selectively eliminating TAPs across various experimental metas-

tasis models in mice and rats. Notably, when combined with

aPD-1, cRGD-NP@A significantly boosts the effectiveness of

the treatment, highlighting its potential to enhance clinical out-

comes for patients with metastatic cancer receiving aPD-1

therapy.
apy

administration of cRGD-NP@A specifically targets TAPs in the circulation and

is, thereby exposing tumor cells to immune cell recognition and killing. This

er activating immune response. Ultimately, these actions potentiate the anti-

nt treatments.

tissue sections from mice bearing B16-F10 pulmonary metastasis. Scale bar,

metastasis region/total region) of lungs harvested from B16-F10 metastasis-

nt treatments (n = 4 mice per group).

106 pulmonary metastasis.

er) of lung sections from rats bearing MADB106 metastasis. Scale bars, 5 mm

n (J) of lungs fromMADB106metastasis-bearing rats after different treatments.

VA with Dunnett’s test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Figure 5. cRGD-NP@A augments cytotoxic T cell response of aPD-1 therapy

(A) Schematic illustration of cRGD-NP@A enhancing CTL response to aPD-1 therapy by depleting TAPs for blocking TGF-b1-mediated immunosuppression.

(B) Immunofluorescence analysis of CD8+ T cell infiltration in B16-F10 pulmonary metastatic foci. Scale bar, 50 mm.

(legend continued on next page)
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Then, we initiated preliminary investigations to elucidate the

mechanism underlying the enhancement of aPD-1 therapy by

cRGD-NP@A. TGF-b1 is a key immunosuppressive factor in tu-

mors that inhibits the function of anti-tumor immune cells such

as natural killer (NK) cells, dendritic cells (DCs), and cytotoxic T

lymphocytes (CTLs), while promoting the expansion of regulato-

ry T cells (Tregs). We hypothesized that reduced TGF-b1 secre-

tion resulted from cRGD-NP@A treatment could reactivate sys-

temic anti-tumor immunity and enhance aPD-1-mediated

immune responses (Figure 5A). To test this hypothesis, we

comprehensively analyzed major immune cell populations in

mice bearing B16-F10 lung metastasis at the end of the treat-

ment. In line with the findings from the anti-metastasis assess-

ment, mice receiving cRGD-NP@A plus aPD-1 treatment dis-

played the highest infiltration of CTLs (CD8+ T cells) and the

lowest presence of FOXP3+ Tregs within the metastatic foci

compared with mice treated with other controls (Figures 5B

and S16A). Flow cytometry analysis of the peripheral blood lym-

phocytes revealed the highest frequencies of interferon-gamma

(IFN-g)- and granzyme B-secreting CD3+CD8+ T cells in mice

treated with cRGD-NP@A plus aPD-1 (Figures 5C and 5D).

Conversely, mice treated with aPD-1 alone showed no signifi-

cant differences in peripheral CD8+ T cell activation compared

to the saline group, suggesting a limited immune response to

aPD-1 treatment. In mice treated with cRGD-NP@A, either alone

or in combination with aPD-1, analysis of CD80 and CD86

expression on DCs in peripheral blood showed a significant in-

crease in DC maturation compared to the saline group (Fig-

ure S16B). Likewise, the cRGD-NP@A-treated groups exhibited

a marked upregulation of the natural killer group 2 member D

(NKG2D) activating receptor and the degranulation marker

CD107a, indicating enhanced NK cell function (Figure S16C).

Additionally, the proportion of CD4+FOXP3+ Tregs in the blood

was significantly reduced following cRGD-NP@A treatment (Fig-

ure S16D). In contrast, aPD-1 treatment alone produced a limited

response in these immune cells, likely due to the high levels of

circulating TGF-b1. Moreover, analysis of splenocytes also

showed the highest proportion of CD3+CD8+ T cells in mice

treated with cRGD-NP@A plus aPD-1 (Figure 5E). Further exam-

ination of CD3+CD8+ T cell status revealed limited CTL activation

following aPD-1 treatment, whereas the combination of cRGD-

NP@A with aPD-1 markedly enhanced the systemic immune

response, with the highest rates of proliferated (Ki67+), IFN-g-,

and granzyme B-secreting CD3+CD8+ T cells in the spleen

(Figures 5F–5H). In addition, the serum levels of representative

inflammatory cytokines (interleukin [IL]-6, IL-2, tumor necrosis

factor alpha [TNF-a], and IFN-g), important for anti-tumor immu-

nity, were significantly elevated in mice treated with cRGD-

NP@A plus aPD-1 in contrast to various controls (Figures 5I–
(C and D) Flow cytometry analysis of granzyme B (C) and IFN-g (D) secretion by C

the end of treatment. n = 5 mice for each group.

(E–H) Proportions of CD3+CD8+ T cells in lymphocytes (E), and Ki67+ (F), IFN-

metastasis-bearing mice following various treatments. n = 5 mice for each group

(I–L) Serum levels of major pro-inflammatory cytokines in B16-F10 lung metastas

Data are presented as mean ± SD. Statistical significance was determined b

****p < 0.0001.

See also Figures S16 and S17.
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5L). Furthermore, the combination of cRGD-NP@A and aPD-1

did not induce such immune responses in healthy C57BL/6N

mice following three consecutive treatments. Levels of IFN-g-

and granzyme B-secreting CD3+CD8+ T cells, as well as

CD4+FOXP3+ Tregs in peripheral blood, were minimal and com-

parable to those in the saline-treated group (Figures S17A–

S17C), indicating that the immune regulatory functions remained

largely intact. Collectively, these findings underscore the limited

immune response to aPD-1 treatment alone, potentially explain-

ing its suboptimal anti-metastatic efficacy. However, combining

cRGD-NP@A with aPD-1 significantly enhances the immune

response by eliminating TAPs and reducing immunosuppressive

factor secretion.

Reduction of TGF-b1 level mediates the immune-
enhancing effects of cRGD-NP@A on aPD-1 therapy
The ability of cRGD-NP@A to reduce circulating TGF-b1 levels

and enhance aPD-1-mediated immune responses prompted

further investigation into the role of TGF-b1 in cRGD-NP@A

potentiation of aPD-1 therapy. Initially, we evaluated the impact

of TGF-b1 on the anti-metastatic efficacy of cRGD-NP@A and

aPD-1 combination therapy in the B16-F10 lung metastasis

model. Recombinant TGF-b1 (rTGF-b1) significantly diminished

the anti-metastatic efficacy of the combination treatment,

increasing the number of metastases from 19 to 49, comparable

to aPD-1 monotherapy (Figures 6A and 6B). Conversely,

combining aPD-1 with SB-431542, a TGF-b receptor kinase in-

hibitor, significantly enhanced the anti-metastatic efficacy, re-

sulting in fewer metastases compared to the aPD-1 group.

These findings underscore the critical role of TGF-b1 signaling

in limiting the therapeutic effectiveness of PD-1 blockade ther-

apy and highlight its contribution to the aPD-1 enhancement

by cRGD-NP@A. To explore the underlying mechanisms, we

further investigated the impact of TGF-b1 on immune activation

triggered by the combination of cRGD-NP@A and aPD-1. In pe-

ripheral blood, supplementation with rTGF-b1 in cRGD-NP@A/

aPD-1 combination-treated mice resulted in a notable increase

in the proportion of CD4+FOXP3+ Tregs, reduced CD80 and

CD86 expression on DCs, impaired NK cell activation and

degranulation, and decreased secretion of IFN-g and granzyme

B by CTLs (Figures 6C–6F). In contrast, the combination of

aPD-1 with SB-431542 significantly reduced CD4+ Tregs in cir-

culation, upregulated NKG2D on NKs and CD86 on DCs, and

enhanced granzyme B secretion by CTLs compared to aPD-1

monotherapy. Similarly, in the spleen, rTGF-b1 combined with

cRGD-NP@A and aPD-1 led to a significant decrease in CTL pro-

duction of IFN-g and granzyme B compared to the group treated

with cRGD-NP@A plus aPD-1, whereas SB-431542 treatment

enhanced granzymeB production by CTLs in the spleen induced
D3+CD8+ T cells in peripheral blood from B16-F10 metastasis-bearing mice at

g+ (G), and granzyme B+ (H) CD3+CD8+ T cells in the spleen from B16-F10

.

is-bearing mice after different treatments. n = 4 mice for each group.

y one-way ANOVA with Dunnett’s test. *p < 0.05, **p < 0.01, ***p < 0.001,



Figure 6. Reduction of TGF-b1 level mediates the immune-enhancing effects of cRGD-NP@A on aPD-1 therapy

(A) Image of lungs collected from B16-F10 metastasis-bearing mice after different treatments.

(B) Number of surface nodules of lungs harvested from B16-F10 metastasis-bearing mice after different treatments.

(C) Flow cytometry analysis of the proportion of CD4+FOXP3+ Tregs in peripheral blood from B16-F10 metastasis-bearing mice at the end of the experiment.

(legend continued on next page)
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by aPD-1 therapy (Figure 6G). These results demonstrate that

through disrupting platelet-tumor cell interaction, our cRGD-

NP@A reduces TGF-b1 secretion by hyperactive TAPs, leading

to an improved tumor immunemicroenvironment and restoration

of anti-tumor immune cell function, thereby enhancing the im-

mune responses induced by aPD-1 therapy.

Combination of cRGD-NP@A with aPD-1 treatment does
not cause cumulative toxicity
We first conducted a comprehensive investigation into the ef-

fects of cRGD-NP@A on platelet function. Within the concentra-

tion range of 0.1–10 mM, 2-h in vitro treatment with cRGD-NP@A

had a minimal impact on platelet adhesion to collagen and acti-

vation in response to ADP stimulation (Figures S18A and S18B).

While a modest inhibition of platelet aggregation was observed

at 1–10 mM, it was significantly weaker than that of free ABT-

737, which substantially inhibited both platelet activation and ag-

gregation even at a lower concentration of 0.1 mM (Figure S18C).

Additionally, given the complex roles of platelets as immune-reg-

ulatory cells, both pro- and anti-inflammatory,27,28 we assessed

the impact of cRGD-NP@Aon platelet-mediated immune regula-

tion by examining the responses of healthy C57BL/6N mice to

lipopolysaccharide stimulation after three consecutive treat-

ments with cRGD-NP@A. Plasma levels of key inflammatory cy-

tokines, TNF-a and IL-6, in cRGD-NP@A-treated mice, were

comparable to those in the saline-treated group. In contrast,

free ABT-737 treatment resulted in a slight increase in IL-6 (Fig-

ure S18D), likely due to impaired immune regulation caused by

non-specific platelet toxicity. These results emphasize the

advantage of targeted ABT-737 delivery to hyperactive/acti-

vated platelets, minimizing systemic platelet interference.

To evaluate the potential unintended effects of cRGD-NP@A

on circulating cells, particularly leukocytes, we assessed the up-

take of Cy5-labeled cRGD-NP@A by CD45+ immune cells iso-

lated from healthy C57BL/6N mice 2 h post injection. Flow

cytometry analysis revealedminimal nanoparticle internalization,

with fewer than 1% of CD45+ cells exhibiting Cy5 fluorescence

(Figure S19A). Moreover, treatment with cRGD-NP@A did not

result in significant apoptosis in circulating neutrophils, mono-

cytes, and B and T cells (Figure S19B). The counts and propor-

tions of these immune cells, along with the total white blood

cell count, remained unchanged in B16-F10 metastasis-bearing

mice after six consecutive cRGD-NP@A treatments (Figures

S19C–S19E). These results indicate that cRGD-NP@A has negli-

gible interaction with circulating leukocytes, supporting its tar-

geted action and demonstrating a favorable safety profile in vivo.

Given that GPIIb/IIIa (the CD41/CD61 complex) is also ex-

pressed on megakaryocytes and certain hematopoietic stem

cells, we further investigated the impact of cRGD-NP@A on

these cells. Flow cytometry analysis demonstrated no significant

uptake of Cy5-labeled cRGD-NP@A by CD41+ cells isolated

from the bone marrow of healthy C57BL/6N mice, 6 h after intra-
(D and E) Flow cytometry analysis of NKG2D and CD107a expression on NK cells

treatments.

(F and G) Flow cytometry analysis of IFN-g and granzyme B secretion by CD3+C

Data are presented as mean ± SD, n = 5 mice for each group. Statistical significan

***p < 0.001, ****p < 0.0001.
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venous injection, with comparable Cy5 fluorescence and PS

exposure between the saline- and cRGD-NP@A-treated groups

(Figures S20A and S20B). These findings suggest that cRGD-

NP@A has minimal effects on megakaryocytes or other GPIIb/

IIIa+ cells, likely due to limited nanoparticle accessibility to these

cell populations.

Administration of cRGD-NP@A or cRGD-NP@A plus aPD-1

did not cause significant body weight loss in mice or rats bearing

pulmonary metastases during the whole anti-metastasis experi-

ments (Figures S21A–S21C), indicating the favorable biocom-

patibility of cRGD-NP@A and its combination with aPD-1 treat-

ment. Detailed blood tests, including analysis of whole blood

routine and serum biochemical parameters for heart, liver, and

kidney function assessment, were also conducted in rats at the

end of the anti-metastasis experiment following six treatments

of cRGD-NP@A. No abnormalities were detected in these pa-

rameters in rats treated with cRGD-NP@A, while treatment

with free ABT-737 notably reduced platelet count, likely attrib-

uted to undesired toxicity in resting platelets (Figures S22A–

S22J). TUNEL analysis of other major organs harvested from

B16-F10 metastasis-bearing mice at the end of the anti-metas-

tasis experiment revealed no noticeable cell apoptosis in the

heart, liver, spleen, and kidney following treatment with cRGD-

NP@A, either alone or in combination with aPD-1 (Figure S23).

The biosafety of combining cRGD-NP@Awith aPD-1 was further

investigated in healthy C57BL/6N mice after six treatments. No

significant increases in major serum biochemical indicators

were observed following treatment with cRGD-NP@A alone or

in combination with aPD-1 (Figures S24A–S24F). Additionally,

hematoxylin and eosin (H&E) staining revealed no apparent his-

tological damage in major organs, including the heart, liver,

spleen, lung, and kidney (Figure S24G). These results collectively

demonstrate the favorable biosafety profile of cRGD-NP@A and

indicate that its combination with aPD-1 does not induce cumu-

lative toxicity in mice.

DISCUSSION

Despite significant advances in treating advanced cancers with

immune checkpoint blockade therapy, limited response rates

and efficacy continue to pose substantial challenges in clinical

practice. It has been shown that tumors can modify both the

count and function of platelets to support tumor growth and

metastasis.9,39 When tumor cells circulate in the bloodstream,

TAPs rapidly adhere to their surfaces, forming a protective layer

that shields them from shear forces, preventing recognition and

destruction by immune cells.18,20 Moreover, platelets are a prin-

cipal source of TGF-b1, and platelet-tumor cell interaction leads

to the abundant release of TGF-b1, which promotes the prolifer-

ation of Tregs and simultaneously inhibits the activity of NK cells,

DCs, and effector T cells.40–43 The immunosuppression medi-

ated by TGF-b1 significantly contributes to the ineffectiveness
(D) and CD80 and CD86 expression on DCs (E) in peripheral blood after various

D8+ T cells in the peripheral blood (F) and spleen (G) at the end of treatment.

ce was analyzed by one-way ANOVA with Dunnett’s test. *p < 0.05, **p < 0.01,
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of PD-1 blockade therapies.44,45 Of note, beyond their well-es-

tablished roles in hemostasis and tumor metastasis, recent

studies have identified platelets as immune cells with both

anti-inflammatory and pro-inflammatory functions,27,28,46

emphasizing the crucial need to maintain normal platelet func-

tion. Given that hyperactive TAPs, a small proportion of circu-

lating platelets, are key facilitators of tumor metastasis and im-

mune evasion, our study focused on the impact of selectively

eliminating TAPs on enhancing the anti-metastatic efficacy of

aPD-1 treatments, while largely sparing the majority of resting

platelets unaffected. Leveraging the abundantly expressed

active GPIIb/IIIa receptors on activated/hyperactive platelets,

we achieved the precise depletion of hyperactive TAPs in the cir-

culation and metastasis sites by developing TAP-targeted, ABT-

737-loaded cRGD-NP@A nanoparticles. Given that tumor cells

can activate platelets throughmultiple receptors and existing an-

tiplatelet drugs only target single pathways, ABT-737, a well-

known inducer of platelet apoptosis, was employed to induce

the apoptosis of TAPs for the effective prevention of platelet-tu-

mor cell crosstalk.29,47 Using mouse and rat experimental

metastasis models and the patient-derived metastasis model,

our results demonstrate that the specific apoptotic elimination

of TAPs with cRGD-NP@A boosts the immune response of

PD-1 blockade therapy by not only promoting the exposure of tu-

mor cells to the immune system but also alleviating the immuno-

suppressive effects mediated by TAP-derived TGF-b1. In partic-

ular, the combination of cRGD-NP@A with aPD-1 dramatically

augmented immune activation with enhanced function of NK

cells, DCs, and CTLs in the peripheral blood, with increased

secretion of granzyme B and IFN-g by CD8+ T cells in the spleen.

Safety assessment results indicate that multiple treatments with

cRGD-NP@A did not lead to hemostatic dysfunction or bleeding

in the major organs of healthy mice, demonstrating the precise

targeting of TAPs and negligible effects on resting platelets of

our nanodrug in vivo.

Numerous studies have been dedicated to enhancing the ef-

ficacy of immune checkpoint blockade therapy across preclin-

ical and clinical settings. The TME plays a pivotal role in tumor

immune surveillance, and given the greater genomic stability of

non-tumor versus tumor cells, optimizing the TME to rescue

T cell dysfunction is a key area of interest.48,49 However, the

TME is characterized by complex and dynamic cellular interac-

tions that challenge precise targeting and modulation, as cells

of the same type can exhibit diverse, sometimes contradictory,

effects on tumor immunity.50,51 Among TME components,

platelets represent a relatively accessible target due to their

stable presence in circulation and consistent proteomic pro-

files. Additionally, the significant role of platelets in various

stages of tumor metastasis, including immune evasion, aligns

with the use of PD-1/PD-L1 blockade therapy primarily in

advanced/metastatic cancers. Our cRGD-NP@A nanodrug is

designed to potentiate the immune efficacy of aPD-1 anti-

bodies while mitigating platelet support in tumor metastasis,

thereby synergistically enhancing the anti-metastatic effects

of PD-1 blockade therapy. This strategy offers a safe and effec-

tive means to improve both the immune response rate and the

anti-metastatic effectiveness of PD-1 blockade therapy in met-

astatic cancer treatment.
Limitations of the study
While our study provides compelling evidence for the therapeu-

tic potential of cRGD-NP@A in enhancing PD-1 blockade ther-

apy, several limitations should be acknowledged. Firstly, thema-

jority of our experiments relied on the B16-F10melanomamodel;

thus, comprehensive validation across a broader range of tumor

models is crucial to confirm the applicability and the mecha-

nisms of action of cRGD-NP@A. Furthermore, additional studies

are needed to support clinical translation, such as precise opti-

mization of dosage and consideration of tumor-specific charac-

teristics. Finally, despite the relatively simple design of our nano-

system, achieving its scalable and reproducible manufacturing

remains a critical challenge for future clinical applications.
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Chemicals, peptides, and recombinant proteins

Prostaglandin E1 MCE Cat#HY-B0131

SB-431542 MCE Cat#HY-10431

ABT-737 Selleck Cat#S1002

Cy5.5 Meryer Cat#M81813

Cy5 Meryer Cat#M81811

Citric acid Sigma-Aldrich Cat#27109

Sodium citrate Sigma-Aldrich Cat#C3674

Dextrose Sigma-Aldrich Cat#D9434

Sodium cholate Macklin Cat#S821473

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human TGF-beta 1 recombinant protein PeproTech Cat#100-21-10UG

cRGD peptide (CNPRGDY(OEt)RC) Guoping Pharmaceutical Co., Ltd. N/A

Poly(lactic-co-glycolic acid)-methoxy-

poly(ethylene glycol) (75:25, PLGA15k-mPEG5k)

Jinan Daigang Biomaterial Co., Ltd. N/A

Poly(lactic-co-glycolic acid)-b-poly

(ethylene glycol)-N-hydroxysuccinimide

(75:25, PLGA15k-PEG5k-NHS)

Xi’an ruixi Biological

Technology Co., Ltd.

N/A

Critical commercial assays

Mouse TNF-a ELISA Kit Solarbio Cat#SEKM-0034

Mouse IL-6 ELISA Kit Solarbio Cat#SEKM-0007

Mouse IL-2 ELISA Kit Solarbio Cat#SEKM-0004

Mouse IFN-g ELISA Kit Solarbio Cat#SEKM-0031

Mouse TGF-b1 ELISA Kit Solarbio Cat#SEKM-0035

Mouse SELP (P-Selectin) ELISA Kit Elabscience Cat#E-EL-M0638

Mouse TSP-1 (Thrombospondin-1) ELISA Kit Elabscience Cat#E-EL-M3083

Deposited data

NMR raw data files This paper figshare: https://doi.org/10.6084/

m9.figshare.28308650

Experimental models: Cell lines

Murine B16-F10 melanoma cell line ATCC Cat#CRL-6475

Murine LLC Lewis lung carcinoma cell line ATCC Cat#CRL-1642

Rat MADB106 breast cancer cell line KCB Cat#KCB2013045YJ

Experimental models: Organisms/strains

Mouse: C57BL/6N Vital River N/A

Mouse: BALB/c nude Vital River N/A

Rat: F344 Vital River N/A

Software and algorithms

GraphPad Prism (version 10.1.2) GraphPad Software https://www.graphpad.com/

FlowJo (version 10.8.1) BD Biosciences https://www.flowjo.com/

Living Image (version 4.1) Caliper Life Sciences https://living-image.software.

informer.com/4.1/

Adobe Illustrator Adobe https://www.adobe.com/products/

illustrator/free-trial-download.html

Other

Intracellular Staining Perm Wash Buffer Biolegend Cat#421002

Human CD3/CD28/CD2 T cell Activator STEMCELL Cat#10970

Modified Tyrode’s solution Solarbio Cat#T1420

Dulbecco’s modified Eagle medium Wisent Cat#319-005-CL

RPMI 1640 medium Wisent Cat#350-000-CL

Fetal bovine serum Wisent Cat#085–150

Penicillin-Streptomycin solution Wisent Cat#450-201-EL

CellMask Orange Plasma Membrane Stain Invitrogen Cat#C10045
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
Murine B16-F10 melanoma cells (ATCC, CRL-6475), LLC Lewis lung carcinoma cells (ATCC, CRL-1642), and MADB106 breast can-

cer cells (KCB, KCB2013045YJ) were purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China). The cells were

cultured in Dulbecco’s modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS, Cat#085–150), 100 units/mL of

penicillin, and 100 mg/mL of streptomycin (Cat#450-201-EL). All cells were incubated in a 5% CO2 atmosphere at 37�C.
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Animal models
Female C57BL/6N mice, female BALB/c nude mice, and male F344 rats of 6–8 weeks were purchased from Beijing Vital River Lab-

oratory Animal Technology Co., Ltd. Animals were maintained under pathogen-free conditions with optimal temperature and humid-

ity. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the National Center for

Nanoscience and Technology.

To establish a subcutaneous melanoma model, C57BL/6N mice were subcutaneously inoculated with 23 105 B16-F10 cells. For

murine metastasis models, C57BL/6Nmice were intravenously injected with 23 105 B16-F10 cells or 1.23 106 LLC cells, while F344

rats received 13 105MADB106 cells via intravenous injection. For patient-derivedmetastasis model, tumor cell suspensions derived

from bladder cancer patients were intravenously injected into BALB/c nude mice according to a previously described method with

little modifications.52 The study protocol was approved by the by the Ethics Committee of The Second Hospital of Tianjin Medical

University (approval ID, KY2024K305). Surgically removed bladder cancer specimens were obtained from the Department of Urology

at the Tianjin Institute of Urology, the Second Hospital of Tianjin Medical University, with written informed consent signed prior to

obtaining the samples. The tumor tissue specimenwas first subcutaneously implanted into BALB/c nudemice and passed formetas-

tasis model construction. Before use, the tumor tissue was collected, cut into small pieces and subjected to enzymatic digestion

(collagenase IV, 300 U/mL) for 1 h at 37�C till the solution turned cloudy. DMEM supplemented with 10% FBSwas used to stop enzy-

matic digestion. The cell suspension was filtrated through a 70 mm cell strainer and washed three times with DMEM to remove FBS.

The cells were then resuspended in phosphate-buffered saline (PBS) and the concentration was adjusted to 5 3 106/mL. Then,

0.2 mL of cell suspension was slowly injected into the tail vein of female BALB/c nude mice.

METHOD DETAILS

Isolation of mouse platelets
Platelets were isolated from freshly drawn mouse blood through two-step centrifugation. Whole blood was first centrifuged at 100 g

for 20 min. The obtained platelet-rich plasma was further centrifuged at 1800 g for 5 min to remove platelet-poor plasma. The plate-

lets werewashed twicewith PBS (containing 2 mMprostaglandin E1 (PGE1)) and resuspended inmodified Tyrode’s buffer (containing

2 mM PGE1) for further use.

Tumor cell-platelet co-culture
For evaluation of B16-F10 cell-induced platelet activation in vitro, washed mouse platelets were prelabeled with CellMask Orange

(Cat#C10045) and incubated with B16-F10 cells at 37�C for 1–4 h in serum-free DMEM. Cells were washed at least three times

with PBS to remove unbound platelets, fixed with 4% paraformaldehyde for 10 min at room temperature (RT), and stained with

anti-CD62P antibody (Cat#sc-271267). For nuclear staining, DAPI was used.

Flow cytometry analysis of circulating platelet activation
Two weeks post-inoculation, blood from tumor-bearing mice was collected into centrifuge tubes containing acid-citrate-dextrose

(ACD) buffer (85 mM sodium citrate, 66.6 mM citric acid, 111 mM dextrose, 2 mM PGE1) at a volume ratio of ACD: blood of 1:5.

Next, 5 mL of whole blood, 1 mL of PE-anti-CD41 (Cat#558040), and 2 mL of APC-anti-CD62P (Cat#17-0626-80) were added to

42 mL of PBS. After being incubated for 20 min at RT, the mixture was fixed with 200 mL of 4% paraformaldehyde for 15 min at

RT. For platelet activity assessment, 10 mM of ADP was further added to the staining system and processed as above. The stained

samples were analyzed with a Beckman flow cytometer (CytoFLEX).

Targeting abilities of free cRGD/PSN peptide for activated platelets and TAPs
The ability of free cRGD peptide (CNPRGDY(OEt)RC) and PSN peptide (DAEWVDVS) to bind activated platelets was investigated by

flow cytometry. Washed mouse platelets were stimulated with 20 mM ADP at 37�C for 10 min to prepare activated platelets. Then

activated and resting platelets were incubated with fluorescein isothiocyanate (FITC)-modified cRGD peptide (cRGD-FITC) and

PSN peptide (PSN-FITC) for 15min at RT, respectively. The unbound peptide was removed by centrifugation. Platelets were washed

once with PBS (containing 2 mMPGE1) and resuspended for analysis. The level of platelet activation was assessed via CD62P stain-

ing. For analysis of the binding specificity, resting or activated platelets were incubated with cRGE-FITC or cRGD-FITC for 15 min at

RT, respectively. For tumor cell binding assay, B16-F10 cells were incubated with cRGD-FITC for 15min at RT andwashed once with

PBS for subsequent flow cytometry analysis.

The targeting ability of free cRGD and PSN peptides toward tumor-associated platelets (TAPs) was investigated via confocal mi-

croscopy. B16-F10 tumor cells were incubatedwith CellMask Orange-labeled platelets for 4 h at 37�C. After washing three timeswith

PBS to remove unbound platelets, cells were incubated with cRGD-FITC or PSN-FITC for 15 min at RT and fixed with 4% parafor-

maldehyde for 10 min at RT. DAPI staining was used for nuclei localization.

Synthesis of cRGD-NP@A nanoparticles
The cRGD peptide was first covalently conjugated to poly(lactic-co-glycolic acid) (PLGA) via a poly(ethylene glycol) (PEG) linker.

Briefly, N-hydroxysuccinimide-functionalized PLGA-PEG (PLGA-PEG-NHS) and cRGD peptide were dissolved in dimethylformamide
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at amolar ratio of 1:1.1 and stirred for 12 h at RT. The reactionmixturewas then transferred to a dialysis bag (2 kD) and dialyzed against

deionized water for 24 h. PLGA-PEG-cRGD was obtained by freeze-drying and the structure was characterized by 1H NMR.

The ABT-737-loaded cRGD-NP@A was prepared by a double emulsion-solvent evaporation method. Briefly, 6 mg of PLGA-

mPEG, 4 mg of PLGA-PEG-cRGD, and 1 mg of ABT-737 were dissolved in 1 mL of dichloromethane. For Cy5 or Cy5.5 labeling,

Cy5 or Cy5.5 dissolved in dimethyl sulfoxide was added to the PLGA and ABT-737 mixture. After the addition of 200 mL of deionized

water, the mixture was ultrasonicated (286W, 3 min) on ice to form the primary emulsion. Then, 2 mL of 2% sodium cholate aqueous

solution was added and ultrasonication (330 W, 5 min) was performed to obtain the secondary emulsion. The resulting emulsion was

added to 10 mL of 0.5% sodium cholate aqueous solution drop by drop under stirring and dispersed for 15 min at RT. The residual

organic solvent was removed by rotary evaporation under reduced pressure. The nanoparticles were collected by centrifugation at

12000 g for 15 min at RT and washed once with deionized water. The retrieved nanoparticles were resuspended in deionized water

and stored at 4�C for use.

Characterization of cRGD-NP@A nanoparticles
The nanoparticles were resuspended in deionizedwater at 0.5mg/mL and the hydrodynamic size and surface chargeweremeasured

by dynamic light scattering (DLS) with Zetasizer Nano ZS90 (Malvern Instruments). For evaluation of the stability at 4�C, cRGD-NP@A

was suspended in PBS at the concentration of 10 mg/mL and DLS measurement was performed every day to evaluate its size dis-

tribution and changes. For evaluation of the stability at 37�C, cRGD-NP@A was suspended in PBS containing 10% FBS under

100 rpm shaking and hydrodynamic size was measured at indicated time points through DLS. The morphology and physical size

of the prepared nanoparticles were observed under a transmission electronmicroscope (TEM, JEOL 1200-EX) after negative staining

with 2% uranyl acetate aqueous solution for 2 min at RT.

Drug loading and release
The ABT-737 encapsulated in the nanoparticles was extracted by acetonitrile andmeasured by HPLC-UV analysis at a wavelength of

300 nm. The drug encapsulation efficiency was calculated as the ratio of the amount of drug encapsulated in the nanoparticles to the

initial amount of drug added. The drug loading capacity of the nanoparticles was determined by the ratio of the amount of drug encap-

sulated to the mass of the nanoparticles. For drug releasing assay, 20 mg of cRGD-NP@A was resuspended in PBS with pH 5.0 and

7.4, respectively, and then transferred into dialysis bags (10 kD). The bags were placed in 30 mL of PBS and incubated on a shaker

(37�C, 100 rpm). At appropriate time points, 0.5 mL of the buffer solution was taken out, and the same volume of fresh PBS was

added. Cumulative drug release at various time points was calculated based on the concentrations of ABT-737 in the releasing

media.

In vitro cellular uptake behavior of cRGD-modified nanoparticles
To investigate the activated platelet targeting ability of the cRGD-NP@A nanoparticles, unmodified PEG-NP@A nanoparticles were

used as control. Platelet suspension was prepared as described above and moderately activated by 20 mM ADP for 10 min at 37�C.
Resting and activated platelets were incubated with Cy5.5-labeled PEG-NP@A and cRGD-NP@A, respectively for 30 min at 37�C
under gentle shaking. After incubation, the platelets were washed once with PBS (containing 2 mM PGE1) for subsequent flow cy-

tometry analysis.

To explore the uptake behavior of the cRGD-modified nanoparticles by TAPs, AF488-conjugated wheat germ agglutinin (WGA)-

labeled platelets were incubated with adherent B16-F10 cells for 20 min at 37�C followed by centrifugation of the co-culture super-

natant at 1800 g for 5 min to obtain TAPs in vitro. B16-F10-stimulated and control platelets were incubated with Cy5.5-labeled PEG-

NP@A and cRGD-NP@A, respectively for 10 min at 37�C, fixed, and subjected to confocal microscopy observation.

To investigate the effects of cRGDmodification on the uptake of PLGA nanoparticles by neutrophils, monocytes, B and T lympho-

cytes, peripheral blood mononuclear cells (PBMCs) isolated from freshly drawn mouse blood were first stained with the following

antibody combinations for 20 min at RT: for neutrophil/monocyte analysis, PC5-anti-CD11b (Cat#E-AB-F1081G), FITC-anti-Ly-6G

(Cat#127605), and PE-anti-Ly-6C (Cat#128007) were used; for lymphocyte analysis, PC5-anti-CD19 (Cat#115509) and FITC-anti-

CD3 (Cat#100204) were used. Then differently labeled PBMCs were incubated with Cy5-labeled cRGD-NP@A or PEG-NP@A for

30 min at 37�C under gentle shaking, centrifuged at 350 g for 5 min to remove unbound nanoparticles and washed once with

PBS for subsequent flow cytometry analysis. Neutrophils were identified as CD11b+Ly-6G+Ly-6C+ cells, monocytes as

CD11b+Ly-6G�Ly-6C+ cells, B cells as CD19+ cells, and T cells as CD3+ cells.

In vitro platelet apoptosis induction by cRGD-NP@A
Platelet stimulation by ADP or B16-F10 cells was conducted as described earlier. To verify the efficient induction of apoptosis in acti-

vated platelets by cRGD-NP@A, resting and ADP-activated platelets were respectively incubated with cRGD-NP@A with the ABT-

737 concentrations of 0.1–5 mM for 2 h at 37�C in RPMI 1640 media under gentle shaking. Further, the apoptosis-inducing effects of

cRGD-NP@A in TAPs and resting platelets were investigated, where free ABT-737 (ABT) and unmodified ABT-737-loaded PLGA

nanoparticles (PEG-NP@A) were included as controls for different forms of drugs. Resting and B16-F10-stimulated platelets were

treated with free ABT-737, PEG-NP@A, and cRGD-NP@A at an equivalent ABT-737 concentrations of 0.5, 1, and 2 mM for 2 h at
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37�C. After various treatments, platelet apoptosis was detected through flow cytometric analysis of mitochondrial membrane poten-

tial (DJm) depolarization by tetramethylrhodamine ethyl ester (TMRE) staining and PS exposure by annexin V-FITC binding.

Evaluation of targeting ability of cRGD-NP@A in vivo

Two weeks post tumor inoculation, the B16-F10 metastasis-bearing mice were intravenously injected with Cy5-labeled PEG-NP@A

and cRGD-NP@A, and free Cy5 at a Cy5 dose of 0.5 mg/kg. The living fluorescence images of mice were taken at indicated time

points with an IVIS spectrum imaging system (PerkinElmer). At 24 h post-injection, mice were sacrificed and major organs were har-

vested for ex vivo imaging. For distribution analysis of cRGD-NP@A within pulmonary metastases, lungs were harvested at 2 h after

intravenous injection of Cy5-labeled PEG-NP@A and cRGD-NP@A into B16-F10 lung metastasis-bearing mice. The lungs were

frozen sliced and stained for CD41 (Cat#PA5-79527) to assess the colocalization between platelets and cRGD-NP@A.

Investigation of platelet-tumor cell adhesion in vivo

Healthy C57BL/6N mice were coinjected with 5 3 105 CellMask Orange-labeled B16-F10 cells and FITC-anti-CD41 antibody

(Cat#133904) via the contralateral tail veins. One hour later, mice were intravenously administered with saline, cRGD-NP, cRGD-

NP@A or intraperitoneally administered with free ABT-737 at an ABT-737 dose of 10 mg/kg, respectively. Lungs were harvested

at 4 h post-injection of B16-F10 cells and frozen sliced for confocal microscopy examination.

Impact of cRGD-NP@A on tumor cell-induced platelet activation and coagulation function
C57BL/6N mice bearing B16-F10 lung metastasis were treated with saline, cRGD-NP, ABT-737, and cRGD-NP@A respectively

(ABT-737: 10 mg/kg). The treatments began at day 7 post tumor inoculation and three treatments at an interval of 3 days were per-

formed. Healthy C57BL/6N mice were used as the control. For the tail bleeding assay, 12 h after the last treatment, 2 mm of the tail

was removed from the tip, and the tail was immediately placed in pre-warmed PBS. The beginning of the bleeding time was recorded

as the time of tail tip removal, and the end was considered as cessation of bleeding for 10 s. Then, the blood of mice was collected for

determination of platelet CD62P (Cat#17-0626-80) and active GPIIb/IIIa (Cat#M023-2) expression by flow cytometry and key coag-

ulation parameters including activated partial thromboplastin time (APTT), prothrombin time (PT), thrombin time (TT) and fibrin-

ogen (FIB).

In vivo anti-metastasis assay
The B16-F10 or LLC metastasis-bearing mice were randomized into seven groups (n = 5 mice) and treated with saline, cRGD-NP,

ABT, cRGD-NP@A, aPD-1, ABT + aPD-1, or cRGD-NP@A + aPD-1, respectively (ABT-737: 10 mg/kg, free ABT-737, i.p.; cRGD-

NP@A, i.v.; aPD-1: 200 mg, i.p.). The treatments were performed at 12 h after tumor cell implantation and continued once every three

days after that. The body weight of mice was recorded at regular intervals. Lungs were harvested on day 17 and surface metastatic

foci were counted. Hematoxylin and eosin (H&E) staining of lung tissue sections was performed to assessmetastatic areas. To inves-

tigate the infiltration of platelets, Tregs and CD8+ T cells within metastatic nodules, immunofluorescence staining with anti-CD41

(Cat#PA5-79527), anti-FOXP3 (Cat#12653T) and anti-CD8 (Cat#98941T) antibodies was conducted, respectively. For the TGF-b1

investigation experiment, B16-F10 lung metastasis-bearing mice were treated with saline, aPD-1, or cRGD-NP@A + aPD-1, aPD-

1 + SB-431542, or cRGD-NP@A + aPD-1 + rTGF-b1, respectively (cRGD-NP@A, 10 mg/kg, i.v.; aPD-1: 200 mg, i.p.; SB-431542,

10 mg/kg, i.p.; rTGF-b1, 0.2 mg, i.p.). For nude mice bearing patient-derived metastasis, the cRGD-NP@A (10 mg/kg) treatments

were performed at 12 h after tumor cell implantation and continued once every three days for a total of seven treatments. At day

28 post-implantation, the lungs of mice were harvested for antimetastatic efficacy evaluation and pathological examination for

GATA3 expression.

For anti-metastasis evaluation in rats, F344 rats bearing MADB106 metastasis were randomly divided into four groups (n = 4 rats)

and treated with saline, cRGD-NP, ABT, or cRGD-NP@A at ABT-737 dose of 10 mg/kg every three days for a total of six treatments.

The first treatment was performed at 12 h after tumor cell implantation. The body weight of rats was monitored during the whole pro-

cedure and the lungs were harvested on day 18 for metastasis evaluation. The blood was collected for safety evaluation including

blood routine examination, and determination of biochemistry indicators and coagulation parameters.

Co-culture of PBMCs and cancer cells in vitro

Written informed consent was signed before obtaining blood from bladder cancer patients for PBMC and platelet isolation and the

experimental process was approved by the Ethics Committee of The Second Hospital of Tianjin Medical University (approval ID,

KY2024K305). Human PBMCs stimulated with CD3/CD28/CD2 (Cat#10970) for three days were used for the co-culture experiment.

Tumor cells derived from bladder cancer patients were seeded and incubated overnight to allow for attachment. PBMCs were then

added at an effector-to-target cell ratio of 10:1, followed by the addition of human platelets (3 3 108/mL), Tislelizumab (100 mg/mL),

and cRGD-NP@A (ABT-737: 2 mM) in different groups. After incubation for 10 h, tumor cells were harvested by digestion and stained

with annexin V to assess apoptosis.
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Flow cytometry analysis of immune response in vivo

Systemic immune response was evaluated at the end of the anti-metastasis experiment in the B16-F10 model. To examine the acti-

vation of CD8+ T cells activation in the spleen, spleen tissues were cut into small pieces, ground, and passed through a 70-mm cell

strainer. Red blood cells (RBCs) were lysed with ACK lysis buffer. Then, the single-cell suspensions were stained using the following

anti-mouse antibody combinations: PC7-anti-CD3 (Cat#100220), FITC-anti-CD8 (Cat#100706), PE-anti-IFN-g (Cat#505807), APC-

anti-Ki 67 (Cat#652405); or PC7-anti-CD3, FITC-anti-CD8, PE-anti-Granzyme B (Cat#372208). Meanwhile, to evaluate the activation

of CD8+ T cells in peripheral blood, blood was collected via cardiac puncture and red blood cells were lysed to isolate lymphocytes.

The following antibody combinations were used for staining: PC7-anti-CD3, FITC-anti-CD8, BV605-anti-IFN-g (Cat#505840),

PE-anti-Granzyme B. For DC analysis, PerCP/Cy5.5-anti-CD11c (Cat#117327), FITC-anti-CD80 (Cat#104705), and PE-anti-CD86

(Cat#105007) were used. For NK cell analysis, BV421-anti-NK1.1 (Cat#108731), PE-anti-NKG2D (Cat#130207), and APC-anti-

CD107a (Cat#121613) were used. For Treg analysis, PC7-anti-CD3, AF647-anti-CD4 (Cat#100533), and PE-anti-FOXP3

(Cat#126403) were used.

Flow cytometry analysis of apoptosis in major circulatory immune cells
PBMCswere isolated from healthy C57BL/6Nmice 4 h post intravenous injection of cRGD-NP@A and stained with the following anti-

body combinations for 20 min at RT: for neutrophil/monocyte analysis, PC5-anti-CD11b, FITC-anti-Ly-6G, and PE-anti-Ly-6C were

used; for lymphocyte analysis, PC5-anti-CD19 and FITC-anti-CD3 were used. The samples were then washed once with PBS, incu-

bated with APC-annexin V for another 15 min at RT to stain PS, and subjected to flow cytometry analysis.

Flow cytometry analysis of megakaryocytes
Bone marrow cells were extracted from the femurs at 6 h post intravenous injection of Cy5-labeled cRGD-NP@A nanoparticles into

healthy C57BL/6N mice, filtrated through a 70 mm cell strainer. After red blood cell lysis with ACK lysis buffer, the cells were stained

with PE-anti-CD41 for 20 min at RT, washed once with PBS, and stained PS with FITC-annexin V for 15 min at RT.

Biosafety evaluation
Healthy female C57BL/6N mice were treated with saline, cRGD-NP, ABT, cRGD-NP@A, aPD-1, ABT + aPD-1, or cRGD-NP@A +

aPD-1, respectively (ABT-737: 10 mg/kg, free ABT-737, i.p.; cRGD-NP@A, i.v.; aPD-1: 200 mg, i.p.) every three days for a total of

six treatments. One day after the last treatment, mice were sacrificed. Blood and major organs (heart, liver, spleen, lung, kidney)

were collected for examination. Main biochemical indicators including alanine transaminase (ALT), aspartate aminotransferase

(AST), creatine kinase (CK), lactate dehydrogenase (LDH), creatinine (CREA), and blood urea nitrogen (BUN) were determined to eval-

uate liver, heart and kidney function. H&E staining was performed to assess histological damage in major organs.

Hemolysis assay
RBCs were isolated from freshly drawn whole blood from healthy C57BL/6N mice by centrifugation at 800g for 10 min. The RBCs

were washed thoroughly with ice-cold PBS until the supernatant turned clear. Then the RBCs were diluted at 1:50 with PBS, followed

by the addition of various treatments. After incubation for 2 h at 37�C, the suspension was centrifuged again and the supernatant

absorbance at 541 nmwasmeasured. The Triton X-100 group served as a positive control, of which the hemolytic ratewas calculated

as 100%.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data were presented as the mean ± standard derivation (SD). Statistical analysis between two groups was determined by Stu-

dent’s t test and one-way or two-way ANOVA test was used for comparison among multiple groups. The survival curves of metas-

tasis-bearing mice were determined via log rank (Mantel-Cox) test. The threshold for statistical significance was set at p < 0.05.

p values were represented as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, p > 0.05. All data in this study were analyzed

with GraphPad Prism 10.1.2 software.
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