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A B S T R A C T   

A long-standing paucity of effective therapies results in the poor outcomes of triple-negative breast cancer brain 
metastases. Immunotherapy has made progress in the treatment of tumors, but limited by the non- 
immunogenicity of tumors and strong immunosuppressive environment, patients with TNBC brain metastases 
have not yet benefited from immunotherapy. Dual immunoregulatory strategies with enhanced immune acti-
vation and reversal of the immunosuppressive microenvironment provide new therapeutic options for patients. 
Here, we propose a cocktail-like therapeutic strategy of microenvironment regulation-chemotherapy-immune 
synergistic sensitization and construct reduction-sensitive immune microenvironment regulation nano-
materials (SIL@T). SIL@T modified with targeting peptide penetrates the BBB and is subsequently internalized 
into metastatic breast cancer cells, releasing silybin and oxaliplatin responsively in the cells. SIL@T preferentially 
accumulates at the metastatic site and can significantly prolong the survival period of model animals. Mecha-
nistic studies have shown that SIL@T can effectively induce immunogenic cell death of metastatic cells, activate 
immune responses and increase infiltration of CD8+ T cells. Meanwhile, the activation of STAT3 in the metastatic 
foci is attenuated and the immunosuppressive microenvironment is reversed. This study demonstrates that 
SIL@T with dual immunomodulatory functions provides a promising immune synergistic therapy strategy for 
breast cancer brain metastases.   

1. Introduction 

Brain metastases (BM) are the most common type of endogenous 
brain tumors, occurring in approximately 30% of patients with meta-
static breast cancer (BC) [1–3]. Among BCs, up to 46% of patients with 
triple-negative breast cancer (TNBC) will develop brain metastases and 
exhibit the worst therapeutic outcomes because of the paucity of effec-
tive therapies (the median survival is only 4.9 month) [4]. The treatment 
of TNBC brain metastases is largely palliative, but neither conventional 
chemoradiotherapy nor surgery has achieved obvious curative effect 
due to the existence of blood-brain barrier (BBB) and multiple metas-
tases [5,6]. There is currently no effective clinical treatment and it is 
urgent to find new treatment strategies. 

Due to the potential of the immune system among various novel 
therapeutic strategies, immunotherapy has drawn the attention of re-
searchers [7–9]. Immune-based strategies, however, have been limited 

to date by the traditional notion that BC is immunologically cold or 
minimally immunogenic [10]. Approaches to reprogram tumor micro-
environment (TME) to convert cold tumors into hot tumors and thus 
improve the efficacy of immunotherapy are gradually being developed 
[11,12]. Of concern, however, is that the central nervous system (CNS) 
is traditionally considered an immune privileged site without most pe-
ripheral immune cells [13]. Combined with limited penetration of 
conventional drugs into the brain, patients with BMs are excluded from 
many clinical trials involving immunotherapies (IT), limiting current 
data related to IT for BCBM treatment [14]. While there is clear evidence 
that T cells do infiltrate BCBMs and lower the accumulation of tumor 
infiltrating lymphocytes (TILs) in BM [15–17]. Besides activation of the 
immune response via immunogenic cell death (ICD) prolongs survival in 
mice with brain metastases [18–20], suggesting that enhance T cell 
trafficking to BCBMs may be a valid strategy for enhancing efficacy. 

While the presence of TILs is often correlated with better prognosis 
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and indicates higher response rates to immunotherapy, the presence of 
immunosuppressive components in TME is associated with tumor pro-
motion and therapy resistance [21]. Establishment of the brain micro-
metastases requires reactive, inflammatory components including early 
infiltration and reprogramming of various immune cells and astrocytes 
within the brain as a “pre-metastatic niche” [22]. Signal transducer and 
activator of transcription 3 (STAT3) is abnormally activated in tumor 
cells and astrocytes of BCBM, and promotes the synthesis and secretion 
of downstream cancer-promoting signal molecules via intercellular 
signaling, thus inducing the M2 polarization of tumor-associated mac-
rophages (TAM), inhibiting the infiltration of CD8+ T cells, and forming 
the immunosuppressive metastatic microenvironment [23,24]. Silibinin 
(SIL), a STAT3 inhibitor targeting these signaling axes in BM, has been 
shown to improve BCBM outcomes [25]. Microenvironmental regula-
tory strategies to reverse immunosuppression by inhibiting STAT3 
phosphorylation therefore represent an intriguing target for BM 
treatment. 

In this study, based on the cocktail-like strategy for microenviron-
ment regulation-chemotherapy-immune synergistic sensitization 
involving BBB targeting and concentrated drug release within BCBMs, 
we constructed nanomaterials (SIL@T) with dual immunomodulatory 
functions to deliver SIL for reversing the immunosuppressive microen-
vironment and Oxaliplatin (OXA) for increasing the infiltration of TILs 
(Scheme 1). Anchored with the CSKC optimized by ligandanalogs of 
insulin-like growth factor 1 receptor (IGF-1R), SIL@T can penetrate the 
BBB and subsequently target the brain metastases. Upon internalization 
by metastatic tumor cells, the micellar structure was destroyed, the 
encapsulated SIL was leaked to inhibit STAT3 phosphorylation, and OXA 
was released responsively to induce ICD in the highly reduced cyto-
plasmic environment. The pharmacodynamic results in the TNBC brain 
metastasis model mice (BM-mice) also showed that SIL@T could stim-
ulate dendritic cells (DC) maturation and increase CD8+ T cell infiltra-
tion in the metastatic area, while inhibiting the activation of STAT3 in 
metastatic cells to reverse the immunosuppressive metastatic microen-
vironment, significantly prolonging the survival time of BM-mice. 

2. Materials and methods 

2.1. Materials and animals 

N6-cbz-L-Lysine (Lys(Z)), Hydrogen bromide 33 wt% in Acetic acid 
(HBr/HOAc, 33%), HATU, DIPEA, D2O (99.8%), BSA were from J＆K 
Scientific (Shanghai, China). L-phenylalanine, triphosgene were from 
TCI (Asakawa, Japan). Azido-PEG-NHS ester (Mw = 5 kD) was pur-
chased from JenKem (Beijing, China). Methoxy-PEG-amine (CH3O-PEG- 
NH2, Mw = 5 kD) was from Seebio Biotech (Shanghai, China). DCM, 
THF, DMF were from Acros Organics (State of New Jersey, USA). Oxa-
liplatin, heparin sodium, wortmannin (WTM), D-luciferin potassium 
salt, glutathione (GSH), cell counting kit-8(CCK-8) were purchased from 
Meilunbio (Dalian, China). Cuprous iodide (CuI), dimethyl sulfoxide-d6 
(DMSO-d6 (D, 99.8%), TMS (0.03%)) were from Energy Chemical 
(Shanghai, China). Succinic anhydride (99%), sodium ascorbate, tri-
fluoroacetic acid (TFA), pyrene, HEPES were from Aladdin Chemistry 
(Shanghai, China). D-type CSKC peptide was purchased from QYAOBIO 
(Suzhou, China). SnakeSkin™ dialysis tubing (MWCO = 3.5, 5, 8 kD), 
DAPI (No. D3571) were from Thermo Scientific (Waltham, USA). 
BODIPY-NHS 630/650 was from Lumiprobe (Hunt Valley, USA). 
Gelatin, filipin, chlorpromazine, poly-D-lysine (PDL, Mw = 70 kD), 
dimethyl sulfoxide for cellular use were from Sigma Aldrich (Saint Louis, 
USA). DMEM, FBS, pen-strep (100 × ), L-glutamine solution (100 × ), 
MEM NEAA (100 × ), trypsin-EDTA solution (0.25%), trypsin solution 
(0.25%), B-27™ supplement (50 × ), goat serum were from Gibco 
(Carlsbad, USA). Isoflurane was from RWD (Shenzhen, China). Phospho- 
STAT3 (Tyr705) (Y705) monoclonal antibody (AP0070) was from 
ABclonal Technology Co., Ltd. (Wuhan, China). All other reagents were 
analytically pure and from, Sinopharm Chemical Reagent (Shanghai, 
China). 

Mouse-derived triple-negative breast cancer brain metastasis-prone 
cell line 4T1-Br was kindly donated by Jiangbing Zhou, Professor of 
Biomedical Engineering at Yale University. A stable transduced murine- 
derived triple-negative breast cancer brain metastasis-prone cell line 
4T1-Br/Luc carrying a luciferase reporter gene was constructed and 
screened with CMV-Luc-PGK-Puro lentivirus from 4T1-Br cell line by 
Genomeditech (Shanghai, China). 

SPF grade c57 nude mice (female, 6–8 weeks old, weight 18–20 g), 
SPF grade c57 suckling mice (female, within 24 h or 1–3 days after birth) 

Scheme 1. Schematic illustration of SIL@T with dual immunomodulatory functions for the treatment of breast cancer brain metastases.  
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were purchased from SLAC Laboratory Animal Co., Ltd (Shanghai, 
China). All animal experiment operations have been approved by the 
experimental animal ethics committee of the school of pharmacy of 
Fudan University and follow relevant management regulations. 

2.2. Preparation, characterizations and formulation optimization of the 
micelles 

2.2.1. Preparation and formulation optimization of the micelles 
The micelles were prepared by a dialysis method. The polymer ma-

terials (PEG-pLys/OXA-pPhe or CSKC-PEG-pLys/OXA-pPhe, the synthe-
sis method is described in supporting information) were dissolved in 
DMSO at a concentration of 10 mg/mL and were sealed in the dialysis 
bag (MWCO = 3.5 kD. Then they were dialyzed in deionized water for 
24 h with three water changes. The liquid in the dialysis bag was 
collected, and the particle size distribution and zeta potential of the 
micelles were measured using Malvern3600 Zetasizer Nano-ZS laser 
particle size analyzer (Malvern Panalytical, Worcestershire UK). 

2.2.2. The redox-sensitive properties of polymeric micelles 
The sensitivity of polymeric micelles was investigated using PBS (pH 

= 7.4) buffer containing 10 mM Vc to simulate the cytoplasmic micro-
environment and PBS (pH = 5.5) buffer containing 2 mM Vc to simulate 
the lysosomal microenvironment. The drug release from the micelles 
was investigated by high performance liquid chromatography (HPLC) at 
different time points (OXA detection method: column: Agilent C18, 250 
mm × 4.6 mm, 5 μm; Mobile phase: 10% MeOH-90% H2O; Flow rate: 1 
mL/min; injection volume: 10 μL; Detector and detection wavelength: 
VWD, 250 nm) (SIL detection method: column: Agilent C18, 250 mm ×
4.6 mm, 5 μm; Mobile phase: 50% ACN-50% NaH2PO4 (0.1 M, pH =
4.8); Flow rate: 1 mL/min; Injection volume: 10 μL; Detector and 
detection wavelength: VWD, 288 nm). 

2.3. Uptake by cells 

2.3.1. Uptake of the micelles by 4T1-Br cells 
The 4T1-Br cells were inoculated in six-well plates at a density of 1 ×

105/well, and when the cells reached 80–90% fusion (typically 18–24 
h), the medium was replaced with 2 mL of basal DMEM medium con-
taining dual fluorescent markers (BODIPY-labeled micelles, coumarin-6 
used to mimic being encapsulated in hydrophobic core of SIL), SIL@NT 
or SIL@T in basal DMEM medium (equivalent to 4 μM SIL administered 
per well). The drug-containing basal medium was removed after 1 h 
incubation in a 37 ◦C incubator. And the cells were digested and 
collected, and 4T1-Br cell uptake was detected using a CytoFLEX S flow 
cytometer. 

2.3.2. Investigation of the uptake pathway of CSKC-modified targeting 
micelles 

The uptake pathway of CSKC-modified targeting micelles SIL@T was 
investigated using 4T1-Br cells. 4T1-Br cells were inoculated in six-well 
plates at a density of 1 × 105/well and cultured until fusion reached 
80–90% (typically 18–24 h). Each well was pretreated with a different 
endocytosis inhibitor for 1 h (niche protein endocytosis inhibitor filipin, 
5 μg/mL; grid protein endocytosis inhibitor chlorpromazine, 5 μg/mL; 
giant cell drinking inhibitor Wortmannin, 1 μg/mL). Then the inhibitor- 
containing medium was removed and DMEM basal medium containing 
BODIPY-labeled SIL@T was added (each well was administered at a dose 
equivalent to 4 μM SIL). Then the cells were incubated in an incubator at 
37 ◦C for 0.5 h. One sample (untreated with endocytosis inhibitor) was 
incubated in a refrigerator at 4 ◦C for 0.5 h. Cells were washed 3 times 
with Hank’s, digested and collected, and 4T1-Br cell uptake was 
detected using a CytoFLEX S flow cytometer. 

2.3.3. In vitro BBB penetration of CSKC-modified targeted micelles 
1) BCEC were inoculated at a density of 5*104 cells/cm2 in a 2% 

gelatin pre-coated 24-well plate transmembrane insert for 14 days; 2) An 
appropriate amount of culture medium was added to the donor pool so 
that a liquid level difference of greater than 5 cm could be formed be-
tween the donor and recipient pools. Then the cells were incubated for 4 
h. If the donor and recipient pools still maintain a significant liquid level 
difference, BBB formation is tentatively identified; 3) The culture me-
dium was removed and 250 μL of basal DMEM medium containing 0.6 
μCi 14C-sucrose, BODIPY-labeled SIL@NT or SIL@T (each well was 
administered at a dose equivalent to 4 μM SIL) was added separately to 
each well. 4) The plate was placed in a shaker at 37 ◦C with 50 rpm 
shaking and sampled 20 μL at 5, 10, 15 and 30 min; 5) The samples were 
divided into two parts with one for measuring the 14C-sucrose (add 
scintillation solution, mix and leave overnight, and measure the radio-
activity count by liquid flash counter), and the other one for measuring 
the BBB permeation of micelles. 

2.4. In vivo targeting of SIL@T to brain metastases 

2.4.1. Establishment of the BM-mice 
The BM-mice were established by ultrasound-guided left ventricular 

injection technique with reference to the literature method [26]. After 1 
week of modeling, each c57 mouse was injected intraperitoneally with 
100 μL of saline containing 30 mg/mL of potassium D-fluorescein, and 
the IVIS Spectrum (Small Animal In Vivo Optical Imaging System) was 
used to monitor the bioluminescence signal of 4T1-Br/Luc cells and 
confirm the successful establishment of the BM-mice. 

2.4.2. Targeting ability of SIL@T to TNBC brain metastases 
BM-mice with comparable brain metastasis Luc signals were selected 

and randomly divided into 2 groups of 3 animals each, and BODIPY- 
labeled micelles SIL@NT and SIL@T (dose: 0.5 mg BODIPY/kg) were 
injected via tail vein, respectively. The internal distribution of micelles 
was investigated by live imaging of small animals at different time 
points. 

Double fluorescence-labeled micelles SIL@NT and SIL@T were ob-
tained by encapsulating coumarin-6 with BODIPY-labeled micelles. 
Brain tissue was taken out 2 h after tail vein injection (dose: 0.5 mg 
BODIPY/kg) and frozen sections were prepared (light-protected opera-
tion). Neovascularization was labeled using Anti-CD31antibody (1:50 
dilution) and goat anti-rabbit IgG H&L (Alexa Fluor® 568) secondary 
antibody (1:1000 dilution), and nuclei were labeled with DAPI. The 
prepared tissue samples were imaged and observed using an inverted 
laser confocal microscope. 

2.5. Investigation of in vitro cytotoxicity of micelles on TNBC 

The toxicity of micelles to TNBC cells 4T1-Br was detected using the 
CCK-8 kit. Refer to the kit instructions for the specific method. 

2.6. In vitro evaluation of the efficacy of SIL@T 

2.6.1. Experimental grouping of formulations 
The formulations include: G1: PBS; G2: OXA; G3: SIL@CPLP (where 

CPLP stands for the targeted polymeric material without OXA attached 
and SIL@CPLP stands for a micelle constructed from CPLP loaded with 
SIL.); G4: T (where T stands for a micelle constructed from the targeted 
polymeric material attached to OXA.); G5: SIL@NT (where NT stands for 
a micelle constructed from the non-targeted polymeric material 
attached to OXA. SIL@NT represents the loading of SIL into NT.); G6: 
SIL@T (where T stands for a micelle constructed from the targeted 
polymeric material attached to OXA. SIL@T represents the loading of 
SIL into T.). Among them, G1 was used as a blank control; G4 was a 
targeted prodrug form of G2 to demonstrate that T could enhance the 
stability of OXA as well as increase its accumulation at the target site; G5 
was a non-targeted form of G6 to confirm that modification of CSKC 
could help micelles to better cross the BBB and further target to 
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metastases; G3 and G4 were single-drug controls of G6 to demonstrate 
that the combination of the two drugs could achieve better metastatic 
tumor treatment by a cocktail-like strategy. 

2.6.2. In vitro therapeutic effect of SIL@T 
Cultures of primary astrocytes (24 h) and complete DMEM cultures 

were mixed 1:1 for the culture of 4T1-Br-Luc cells.When the cell 
confluence reached 80–90%, different preparations (100 μmol per group 
of OXA; 80 μmol per group of SIL) were given and incubated with the 
cells for 4 h, and then replaced with fresh medium to continue culturing 
for 72 h. 

When using WB to analyze the expression of pSTAT3 protein, the cell 
was lysed in RIPA buffer containing protease inhibitor. The lysate so-
lution was centrifuged at 12,000 g for 10 min at 4 ◦C and the supernatant 
was collected to obtain the protein. The protein concentrations were 
quantitated by the BCA assay. Then, 20 μg of each protein sample was 
separated on an SDS-PAGE gel (PowerPacTM Basic Electrophoresis, Bio- 
Rad, Hercules, CA, USA) and transferred onto PVDF membranes. After 
being blocked with 5% skimmed milk in tris-buffered saline with 0.1% 
Tween-20 (TBST), the membranes were probed with Anti-pSTAT3 
(1:2000 dilution) at 4 ◦C overnight. Following incubation of the corre-
sponding IgG-horseradish peroxidase (HRP) conjugated secondary an-
tibodies, specific bands were visualized using immobilon western 
chemiluminescent HRP substrate. 

When using laser confocal live cell imaging system to observe the 
CRT and HMGB1, use 4% paraformaldehyde to fix the cells. Use Anti- 
CRT/HMGB1 primary antibody and goat anti-rabbit IgG H&L (Alexa 
Fluor® 555) secondary antibody (1:1000 dilution) to fluorescently label 
CRT/HMGB1 protein. And then use DAPI (5 μg/mL) to counter-stain the 
nuclei for 15 min. 

2.7. In vivo evaluation of the efficacy of SIL@T on brain metastases from 
TNBC 

2.7.1. Administration 
On the seventh day after modeling (i.e., grouping day − 6), brain 

metastasis Luc signals were monitored by IVIS Spectrum Small Animal 
Live Imaging System and BM-mice were randomly divided into 6 groups 
according to the signals. On days 1, 5 and 9 after grouping, each group 
was injected via tail vein with a dose of OXA equivalent to 5 mg/kg and a 
dose of SIL equivalent to 6 mg/kg. 

2.7.2. Survival status, brain metastasis signal and body weight monitoring 
in BM-mice 

The survival of each group of BM-mice was checked daily after drug 
administration, and the BM-mice were weighed and monitored every 4 
days starting from the first day of grouping. GraphPad Prism 8.0 was 
used to plot the weight change curve, brain metastasis signal change 
curve and survival curve, and one-way ANOVA was used to analyze the 
weight curve and brain metastasis signal curve, and survival test was 
used to analyze the survival curve and compare the differences between 
groups. 

2.8. Investigation of the therapeutic mechanism of SIL@T on TNBC brain 
metastases 

Successfully established BM-mice were given formulations of each 
group on days 1, 5, and brain tissue was taken out on day 6 for flow 
cytometry and preparation of frozen sections to investigate the mecha-
nism of SIL@T treatment of brain metastasis, and specific experimental 
operation reference support information. 

2.9. HE staining 

Tissues of the heart, liver, spleen, lung, and kidney of BM-mice in 2.7 
were taken out. Paraffin sections (5 μm thick) were prepared and stained 

using the HE staining kit. Sections were placed under an inverted fluo-
rescent microscope in bright field for observation. 

2.10. Statistical analysis 

All data were analyzed by GraphPad Prism Version 8.0 (GraphPad 
Software, San Diego, USA) and presented as means ± standard deviation 
(SD). The significance level was defined as *P < 0.05, **P < 0.01, ***P 
< 0.001 and ****P < 0.0001. 

3. Results and discussion 

In this study, a reduction-sensitive polymer CSKC-PEG-pLys/OXA- 
pPhe (CPLOP) loaded with chemotherapeutic drugs was designed and 
synthesized as a nanocarrier for encapsulating the microenvironmental 
regulator SIL (the specific design is shown in Fig. 1A). PEG acts as the 
hydrophilic segment of the polymer, which can increase the stability, 
prevent nonspecific adsorption and prolong blood circulation duration. 
A ring opening polymerization strategy was adopted using PEG-NH2 as 
the initiator to yield the PEGylated polyamino acid block, where 
phenylalanine was used as a hydrophobic core to facilitate the encap-
sulation of SIL through π-π interactions and hydrophobic interactions. 
OXA prodrugs (IV) were coupled with the amino groups of lysine side 
chains, and can be reduced to the active form (II) of OXA to achieve 
selective killing of metastatic tumors upon meeting the highly reducing 
environment in tumor cells. D-type CSKC cyclic peptide, a ligand analog 
of IGF-1R, was linked to the other end of PEG as the targeting moiety to 
increase BBB penetration and accumulation of metastases. 

3.1. Synthesis and characterizations of polymers 

The synthesis was performed according to the literature (Fig. S1) 
[26,27]. PEG-pLys-pPhe was synthesized by sequential ring-opening 
polymerization using PEG-NH2 as a macroinitiator. OXA prodrug (IV) 
combines with the amino group of lysine block side chain through 
electrophilic substitution reaction to obtain polymer PEG-pLys/OX-
A-pPhe (PLOP). CSKC was subsequently modified onto the azide ter-
minus of PEG via a click reaction to generate CPLOP. All polymers’ 
structures were confirmed by 1H NMR spectroscopy and the CPLOP was 
further characterized by gel permeation chromatography (GPC) 
(Figs. S2–11). 

3.2. Optimization and characterizations of SIL@T 

The SIL-encapsulated micelles were constructed by dialysis method 
and the formulation was optimized in detail. The effect of the mass ratio 
of different polymers to SIL on the particle size, potential and drug 
loading of micelles was studied and shown in Fig. 1B and C. When the 
mass ratio of polymer PLOP to SIL was optimized to 5:1, the particle size 
number value measured by dynamic light scattering (DLS) of the mi-
celles (SIL@NT) was 41 ± 10 nm (the intensity value was 78 ± 4 nm), 
and the drug loading was 6.29 ± 0.16%. The particle size of the micelles 
after drug encapsulation is smaller than that of the blank micelles, which 
may be due to the formation of hydrophobic and π-π stacking in-
teractions between the phenylalanine blocks in the polymeric material 
and SIL, leading to a more tightly packed core with a reduced size. At 
this ratio, the particle size number value of micelles (SIL@T) prepared 
using CPLOP was 50 ± 2 nm, which is similar to SIL@NT, indicating that 
the modification of CSKC peptide has little effect on the particle size 
(potential and PDI details are in Table S1). The transmission electron 
microscope (TEM) results of SIL@T showed that the morphology of the 
micelles was spherical and the particle size was similar to the number 
value measured by DLS (Fig. 1D). This ratio was used in subsequent 
experiments to prepare micelles. 
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3.3. Responsive release of SIL@T 

To verify the reduction-responsive release of micelles, the drug 
release behavior of micelles was investigated in simulated plasma 
environment (2 μM Vit C + pH 7.4), endosome/lysosome environment 
(2 mM Vit C + pH 5.5) and tumor cytoplasm environment (10 mM Vit C 
+ pH 7.4) in vitro. Under the simulated tumor cytoplasmic environment, 
the size of micelles gradually increased, which was basically the same as 
the size of empty micelles at 4 h, suggesting that the encapsulated SIL 
could be effectively released in the cytoplasm (Fig. 1E). In order to 
further explore the drug release in vitro, the percentage of drug release 
was determined by high performance liquid chromatography (HPLC). In 
the endosomal/lysosomal environment, the OXA prodrug is partially 
reduced to the active form due to the presence of a certain concentration 
of reducing substances. In the simulated high-level intracellular 
reducing conditions, OXA was basically released in the form of the 
original drug within 24 h (Fig. 1F). The results showed that OXA pro-
drugs (IV) could be reduced to the active form (II) of OXA upon meeting 
the Vit C and the modification of CSKC had no significant effect on drug 
release. From the release results of SIL, it can be found that micelles can 
achieve relatively complete drug release in both endosomal/lysosomal 
and cytoplasmic environments (Fig. 1G). In the simulated cytoplasmic 
environment, the micelle structure is changed due to the reduction of the 

OXA prodrug, which in turn leads to the release of the encapsulated SIL. 
In the acidic environment of endosomes/lysosomes, the amino group of 
the lysine side chain is protonated, leading to dissociation of the micelles 
and release of SIL. In summary, it is speculated that the micelles can 
release SIL in cells to inhibit the phosphorylation of STAT3, and can 
responsively release the original OXA drug in tumor cells to achieve 
specific tumor killing. All these speculations as verified in the follow-up 
pharmacodynamic studies at the cellular level. 

3.4. Cellular uptake and subcellular distribution of SIL@T in vitro 

In order to realize the microenvironment regulation-chemo-immune 
synergistic sensitization therapy of SIL@T as designed, the BBB pene-
tration of micelles and the centralized drug release in metastases are 
crucial. Therefore, an active targeting strategy was employed to enhance 
the metastases-enriching ability of micelles while utilizing the long- 
circulation of PEG and the EPR effect of nanoparticles. IGF-1R is high-
ly expressed on brain capillary endothelial cells and metastatic breast 
cancer cells (Fig. S12) [26], and modification of its ligand analog CSKC 
peptide can mediate selective drug delivery through IGF-1R [26]. Based 
on this, we speculated that SIL@T can effectively cross the BBB and 
target TNBC brain metastatic cancer cells through the anchored the 
CSKC peptide, and subsequently the intracellular drug release (Fig. 2A) 

Fig. 1. Design, formulation optimization, characterization and release kinetics of SIL@T. A) Design schematic of SIL@T. B) Effects of different mass ratios of polymer 
materials and SIL on particle size and PDI of micelles. C) Effects of different mass ratios of polymer materials and SIL on the zeta potential of micelles and drug 
loading of SIL. D) Particle size distribution and TEM images of SIL@T. E) Variation in particle size of micelles in a simulated metastatic tumor cytoplasmic envi-
ronment. F) Release profile of OXA and SIL(G) at different time under simulated plasma environment, endosome/lysosomal environment, and cytoplasmic envi-
ronment. Data are presented as means ± SD (n = 3). 
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and BBB penetration ability of SIL@T in vitro. 
The surficial ligand modification density onto the micelles could 

tailor the active targeting efficiency [28]. Therefore, the modification 
degree of CSKC was optimized first. The cellular uptake of micelles with 
different degrees of CSKC modification by 4T1-Br cells was examined by 
flow cytometry and confocal laser microscopy (Fig. 2B and 
Figs. S13–15). The results showed that when the modification degree of 
CSKC was up to 40%, the cells exhibited the saturated maximum uptake 
of micelles. But the uptake of tumor cells decreases after the degree of 
modification is greater than 40%. With the increase of ligand modifi-
cation, cell uptake generally increases at first and then decreases, which 
is accused for steric hindrance of closely packed ligand that may 
inversely deteriorate binding of nanoparticles to target, and consump-
tion of high number of cell membrane receptors which decreases the 
overall cellular uptake [28]. Based on this, the CSKC modification de-
gree of SIL@T was determined as 40% in the subsequent experiments. 
To further explore the cellular uptake pathway of SIL@T, 4T1-Br cells 
were pretreated with different uptake inhibitors, and the uptake of mi-
celles was investigated by flow cytometry after incubation with SIL@T. 
Cellular uptake was found dramatically inhibited after treatment with 
filipin, chlorpromazine (CPM), and low temperature, indicating that 
SIL@T is mainly taken up by cells via an energy-dependent caveolin- and 
clathrin-mediated endocytic pathway (Fig. 2C and Fig. S16). Subse-
quently, the cellular internalization, subcellular distribution, and 
endosomal/lysosomal escape of dual fluorescently labeled SIL@T 
(BODIPY-labeled polymer, coumarin-6 mimetic-encapsulated SIL) were 
investigated by CLSM (Fig. 2D). Until 0.5 h of cellular uptake, the mi-
celles were basically localized to endosomes/lysosomes, which was 
consistent with the cellular internalization process corresponding to the 
SIL@T uptake pathway. After 1 h, the red fluorescence representing 
micelles and the green fluorescence representing SIL had diffused in the 

cytoplasm, indicating that SIL@T can rapidly achieve endo-
somal/lysosomal escape after being taken up by cells. The rapid endo-
some/lysosome escape may benefit from the proton sponge effect of the 
protonable amine groups in the polymer under an acidic pH 
environment. 

3.5. BBB-crossing ability, metastatic tumor targeting ability and in vivo 
biodistribution of SIL@T 

In the BBB model constructed in vitro, the effect of CSKC modification 
on the promotion of micelles across the BBB was further verified. The 
results in Fig. 3A–C shows that the integrity of the BBB constructed in 
vitro before and after the experiment is well maintained (the perme-
ability coefficient is less than 8 × 10− 5 cm/s [29]), and the modification 
of CSKC can effectively enhance the BBB-crossing ability of the micelles. 
Brain metastasis model mice (BM-mice) were constructed by injecting 
4T1-Br-Luc cells into the left ventricle of c57 mice through ultrasound 
imaging. The accumulation in the brain and biodistribution of 
BODIPY-labeled micelles in BM-mice (Fig. 3D) were investigated by 
using the small animal in vivo imaging technology. After injection 
through the tail vein, the accumulation results of micelles in the brain of 
BM-mice at different times are shown in Fig. 3E and F. Compared with 
untargeting SIL@NT, the fluorescence signal of SIL@T in the brain is 
apparently enhanced, indicating that the retention of micelles in the 
brain is increased. The quantitative results also showed that the accu-
mulation of SIL@T in the brain was significantly increased compared 
with SIL@NT. 24 h after micelles were injected into the tail vein, the 
main organs and tissues of BM-mice were excised to explore the distri-
bution of micelles in vivo (Fig. 3G, H and Fig. S17). It was found that the 
accumulation of SIL@T in the brain of BM-mice was specific, and this 
specific brain distribution was consistent with the bioluminescence 

Fig. 2. Cellular uptake and subcellular distribution of 
SIL@T. A) Diagram of the intracellular drug release. 
B) Flow cytometry results of micellar uptake by 4T1- 
Br-Luc cells (1 h after formulation administration), 
FITC: coumarin-6. C) Quantitative results of SIL@T 
uptake by 4T1-Br-Luc cells after pretreatment with 
inhibitors of different uptake pathways (1 h after 
formulation administration). D) Uptake of dual fluo-
rescently labeled SIL@T (BODIOY-labeled polymer, 
coumarin-6 mimic encapsulated SIL) by 4T1-Br-Luc 
cells at 0.5 h (left) and 1 h (right). The pixel in-
tensity maps are plotted along the red line. Blue: 
nucleus; green: coumarin-6; white-grey: endosome/ 
lysosome; red: micelles. Scale bars: 20 μm.   
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signal of metastases, suggesting that SIL@T could effectively target 
metastases after penetrating into the BBB. To this end, the brains of 
BM-mice were collected 2 h after the micelles were injected into the tail 
vein to prepare frozen sections, and the BBB penetration and metastases 
targeting abilities of the micelles were further investigated. In the 
metastatic foci, SIL@T had obvious fluorescent signal, and the degree of 
coincidence with the fluorescent signal of CD31 marking neo-
vascularization was low, indicating that SIL@T could effectively pene-
trate the BBB and accumulate in the metastatic foci (Fig. 3I). As brain 
metastases grow, the BBB is gradually remodeled as a blood-tumor 
barrier and is thought to have better permeability [14]. However, 
endothelial cells of BTB still retain high transmembrane resistance and a 

large number of efflux pumps, limiting paracellular and transcellular 
drug transport, and usually only lipophilic and low-molecular-weight 
drugs can effectively cross BTB [30]. This corresponds to the result 
that SIL@NT has only weak fluorescence signal in metastases. Therefore, 
a "double guaranteed" strategy targeting IGF-1R can increase the accu-
mulation of micelles into the metastases, so that the escorted drug could 
be endowed with higher opportunities to distribute to metastases. 

3.6. In vitro therapeutic effect of SIL@T 

In SIL@T, SIL is responsible for inhibiting the phosphorylation of 
STAT3 to regulate the metastatic microenvironment, and OXA is 

Fig. 3. BBB penetration ability and targeting performance of SIL@T. A) Scheme of construction of the BBB model in vitro. B) Permeability of the BBB constructed in 
vitro (n = 3). C) BBB penetration results of micelles under different conditions. Results are reported as mean ± SD (n = 3, One-way ANOVA, ***P < 0.001). D) 
Scheme of SIL@T penetrating BBB and targeting metastatic tumors. E) IVIS imaging results of BM-mice at different time after tail vein injection of BODIPY-labeled 
micelles. F) Quantitative results in panel E (n = 3, One-way ANOVA, *P < 0.05, **P < 0.01, ****P < 0.0001). G) Tissue distribution of micelles 24 h after tail vein 
injection of BODIPY-labeled micelles (n = 3). H) Bioluminescence imaging of BM-mice and brain distribution of BODIPY-labeled micelles 24 h after tail vein in-
jection. I) Fluorescence imaging of brain frozen sections of BM-mice 2 h after tail vein injection of BODIPY-labeled micelles. Blue: nucleus; yellow: new blood vessels; 
red: micelles. Scale bar: 100 μm. 
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responsible for inducing ICD of tumor cells and thereby enhancing the 
activation of immune responses while killing tumors. First, the effect of 
each preparation on tumor cell viability was assessed by cell counting 
kit-8 (Fig. 4A, and the half-inhibitory concentration (IC50) of each group 
is detailed in Table S2). From the results, the targeted micelles without 
SIL (T) had lower IC50 values than free OXA, which may be related to the 
poor stability of OXA in aqueous systems. Due to CSKC modification, 
SIL@T uptake was more than SIL@NT (Fig. 2B), which in turn exhibited 
a stronger inhibition of cellular activity. Since the interactions in the 
microenvironment were not involved in the in vitro studies, T and SIL@T 
exhibited similar activity inhibition on tumor cells. 

Subsequently, the cocktail-like treatment mechanism of SIL@T 
(Fig. 4B) was further verified at the cellular level. First, the inhibitory 
effect of SIL on STAT3 phosphorylation in tumor cells was investigated, 

and the protein was extracted 72 h after administration of the prepa-
ration for western blot (WB) analysis. It was found that all preparations 
containing SIL could effectively inhibit the phosphorylation of STAT3, 
and the presence of OXA did not affect the activation of STAT3 in cells 
(Fig. 4C). SIL@NT lacking CSKC modification has a weaker STAT3 
phosphorylation inhibition effect due to lower cellular uptake than 
SIL@T and micelles without covalently linked OXA but encapsulating 
SIL (SIL@CPLP). Then the ICD induced by OXA was investigated. It has 
been previously studied that OXA, as a type I ICD inducer, can initiate 
the endoplasmic reticulum (ER) stress in tumor cells and further 
apoptosis. Among them, Calreticulin (CRT), as an abundant protein of 
ER, and high mobility group protein B1 (HMGB1), as a nuclear protein 
released during cell death, can be recognized and processed by antigen- 
presenting cells (APC). Therefore, CRT exposure and HMGB1 release are 

Fig. 4. SIL@T can induce ICD and inhibit STAT3 phosphorylation on tumor cells. A) Effects of different preparations on the viability of 4T1-Br-Luc cells (n = 6). B) 
Scheme of the effect of SIL@T at the cellular level. C) Effects of different preparations on STAT3 phosphorylation in 4T1-Br-Luc cells. D) Investigation on the in-
duction of HMGB1 release from 4T1-Br-Luc cells by different preparations. E) Fluorescence imaging of HMGB1 release from 4T1-Br-Luc cells induced by different 
preparations. Blue: nucleus; green: HMGB1. Scale bar: 20 μm. F) Fluorescence imaging of CRT translocation induced by different preparations in 4T1-Br-Luc cells. 
Blue: nucleus; red: CRT. Scale bar: 20 μm. 
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considered as surrogate markers for ICD [27]. The cell culture medium 
after administration of the preparation was collected, concentrated and 
leveled the protein concentration, and the release of HMGB1 was 
analyzed by WB (Fig. 4D). The results showed that the preparations 
containing OXA could effectively promote the release of HMGB1 from 
tumor cells, but the effect was slightly worse than SIL@T due to the poor 
stability of OXA. Subsequently, the level of HMGB1 in the nucleus and 
the translocation of CRT were investigated by immune cell imaging 
technology. Since OXA can kill tumors and promote the release of 
HMGB1, HMGB1 is lost in the nucleus, which is corroborated with the 
results of western blotting (Fig. 4E). In the CRT translocation experi-
ments, cells were not permeabilized, so the level of ER translocation to 
the cell membrane surface can be better characterized. From the results, 
the CRT exposure of cells after T and SIL@T treatment was more pro-
nounced, which was associated with enhanced OXA stability and 
increased cellular uptake (Fig. 4F). Since the occurrence of ER stress is 
related to ROS, depletion of reducing substances by OXA prodrugs also 
enhances OXA-induced ICD [27]. The above results show that SIL@T 
can effectively inhibit the activation of STAT3 and induce the ICD of 
tumor cells, which is expected to realize the regulation of the immune 
microenvironment and enhance the activation of adaptive immunity. 

3.7. Therapeutic effect of SIL@T on BM-mice 

The in vivo antitumor therapeutic effect of SIL@T was evaluated in 
the mice with 4T1-Br brain metastases. The BM-mice were administered 
on the seventh day after the establishment, and the weight value and 
brain metastasis signal of the BM-mice were monitored and recorded 
one day after the administration, and the survival of the BM-mice was 
recorded every day (Fig. 5A–D). The signal of brain metastases in the 
control group BM-mice increased rapidly, and the death started in a 
relatively short period of time, and the median survival time was only 21 
days, indicating that the TNBC brain metastases had a high degree of 
malignancy and a short median survival time, which was consistent with 
the actual situation of patients with brain metastases. The remaining 
treatment groups showed inhibition of metastatic tumor growth and 
prolonged median survival in model mice (Table S3). Among them, the 
SIL@CPLP group showed a tumor-suppressing effect because it could 
achieve the targeted delivery of SIL to metastases and regulate the 
abnormal signal exchange of metastases [25]. As one of the therapeutic 
drugs for patients with clinical brain metastases, OXA exhibited a good 
tumor inhibitory effect on the treatment of model mice. The T (i.e. the 
targeted micelles without SIL) group increased the accumulation of OXA 
in the metastases, so the tumor inhibition effect was better, and there 
was a significant difference compared with the control group. SIL@T 
takes into account the regulation of the microenvironment and the 
killing of metastases, so it has the best tumor suppression effect and the 
longest median survival. With the prolonged treatment time, the body 
weight of BM-mice in all treatment groups increased slightly, the HE 
staining images of the main organs showed that there was no obvious 
organ damage in all groups, indicating that the micelle delivery system 
was biocompatible and caused no obvious toxicity to the BM-mice 
(Fig. S18). 

3.8. The therapeutic mechanism of SIL@T on BM-mice 

The construction of SIL@T is to provide a new treatment method for 
brain metastases through a cocktail-like therapeutic strategy of micro-
environmental regulation-chemotherapy-immune synergistic sensitiza-
tion. Although SIL@T was demonstrated to inhibit STAT3 
phosphorylation and induce ICD at the cellular level in vitro, the results 
of this simple system validation may not be applicable to complex in vivo 
environments, especially for the tightly regulated brain. Therefore, the 
therapeutic mechanism of SIL@T was further explored by flow cytom-
etry, WB analysis, and immunofluorescence staining techniques. 

3.8.1. SIL@T induces ICD in metastatic tumors and enhances immune 
activation (Fig. 5E) 

The ICD induced by OXA has been widely studied, but the high 
aqueous solubility and poor stability lead to relatively rare applications 
of OXA in intracranial tumors, especially considering that metastases are 
constrained by the immunosuppressive protection of the brain. From the 
WB and immunofluorescence results of the immunogenic death markers 
CRT and HMGB1, OXA can indeed induce the ICD, but the effect is 
obviously inferior to SIL@T, mainly due to the improved accumulation 
of OXA in the brain metastases (Fig. 5F, G and Figs. S19 and 20). Anti-
gens can be delivered from the brain to the cervical lymph nodes via the 
olfactory nerve [31–34] (via the arachnoid sheath of the olfactory 
nerves, through the cribriform plate, and to the nasal mucosa) or cere-
brospinal fluid [35–39] (the cerebrospinal fluid flows into the brain 
along arterial perivascular spaces and then translocates into the inter-
stitium via aquaporin 4 water channels, before exiting along venous 
perivascular spaces) [40]. Therefore, to confirm that OXA-induced ICD 
increases immune activation, the maturation of cervical lymph node DCs 
and the ratio of spleen CD8+ T cells were examined (Fig. 5H, I and 
Figs. S21 and 22). Compared with the control group, the proportion of 
mature DC and CD8+ T cells in the OXA group increased, and in the 
preparation group modified with CSKC peptide, the proportion 
continued to increase. In addition, activated T cells were permitted to 
enter the CNS parenchyma, therefore, CD8+ T cells in metastases were 
examined [41]. From the results of immunofluorescence, activated T 
cells could be efficiently recruited to or around metastases (Fig. 5J and 
Fig. S23). Combined with the results of flow cytometry, it was found that 
OXA can effectively induce the ICD of metastatic tumor cells and recruit 
CD8+ T cells to the metastases, but the number of its recruitment is 
relatively small (Fig. 5K and Fig. S24). SIL@T achieves recruitment of 
effector T cells while ensuring the number of infiltrated T cells. And the 
number of T cell infiltration is positively correlated with patient prog-
nosis [21], which is also consistent with the best survival outcomes of 
SIL@T mice. Although little is known about the contribution of ICD to 
NK cell stimulation, HMGB1 release has been shown to promote NK cell 
activation [42,43]. This may be related to the fact that HMGB1 can alert 
the immune system to danger and trigger activation of the immune 
response [44]. Therefore, we further explored NK cell infiltration to 
examine the effect of SIL@T on the innate immunity (Fig. S25). It could 
be found that NK cell infiltration in the metastatic region was increased 
in the OXA-related preparations group. Since SIL@T increased the 
accumulation of OXA in the metastatic region, it exhibited the most NK 
cell infiltration. Therefore, we suggest that SIL@T further enhanced the 
inhibitory effect on metastatic tumors by increasing the infiltration of 
NK cells. 

3.8.2. SIL@T reverses the immunosuppressive brain metastases 
microenvironment (Fig. 6A) 

Although the above results have shown that SIL@T can achieve 
metastatic infiltration of effector T cells, some studies suggest that a 
strong immunosuppressive microenvironment in the brain will limit the 
function of effector T cells [45]. STAT3 is abnormally activated in tumor 
cells and astrocytes, and promotes the synthesis and secretion of 
downstream cancer-promoting signal molecules via intercellular 
signaling, thus forming the immunosuppressive metastatic microenvi-
ronment [23,24]. Specifically, STAT3 is activated in metastatic tumor 
cells [46], inducing the resistance of tumor cell to chemotherapy, while 
secreting growth factors induces the STAT3 activation in astrocytes [47, 
48]. Astrocytes with abnormal activation of STAT3 can secrete MIF and 
pro-inflammatory factors such as transforming growth factor β (TGF-β) 
to act on tumor-associated macrophages (TAM) [48,49], thereby leading 
to M2 polarization of TAM and immunosuppression, and induce the 
exhaustion of immune cells [23]. Silibinin (SIL), a STAT3 inhibitor 
targeting these signaling axes in BM, has been shown to improve BCBM 
outcomes [25]. Therefore, SIL was selected as a microenvironmental 
modulating drug for improving the microenvironment of 
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Fig. 5. SIL@T can induce ICD, activate immune response, inhibit the growth of metastatic tumors in BM-mice and prolong the survival of BM-mice. A) Treatment and 
monitor schedule for SIL@T therapy. B) The change curve of body weight after administration of different preparations (n = 6). C) The signal change curve of 
metastasis tumor after administration of different preparations (n = 4, One-way ANOVA, *P < 0.05, **P < 0.01). D) Survival curves of BM-mice after administration 
of different formulations (n = 6). E) Scheme of SIL@T activating an immune response. F) Immunofluorescence imaging of CRT in brain cryosections of BM-mice. 
Blue: nucleus; yellow: CRT. Scale bar: 100 μm. G) WB imaging of metastatic CRT and HMGB1 protein. H) Flow cytometry results of DC maturation in the cervi-
cal lymph node of BM-mice (n = 3, One-way ANOVA, **P < 0.01). I) Flow cytometry results of T cell polarization in the spleen of BM-mice (n = 3, One-way ANOVA, 
*P < 0.05, ***P < 0.001). J) Immunofluorescence imaging of CD8+ T cell infiltration in brain cryosections of BM-mice. Blue: nucleus; red: CD8. Scale bar: 50 μm. K) 
Flow cytometry analysis of T cell polarization in brain metastases. 
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immunosuppression (Fig. 6A). 
The results of immunofluorescence confirmed that the activation of 

STAT3 was obvious in the metastatic foci of the BM-mice in the control 
group, but the activation of STAT3 was inhibited under the treatment of 
SIL (Fig. 6B and Fig. S26). Meanwhile, ELISA results showed that SIL- 
containing preparations could reduce the content of TGF-β in metasta-
ses, and the reduction of TGF-β could inhibit the M2 polarization of 
TAMs and Treg cell recruitment (Fig. 6C). Activation of STAT3 leads to 
the establishment of an immunosuppressive microenvironment [48,49]. 
Among them, TGF-β and IL-10 are considered to be important compo-
nents in immunosuppression and contribute to the maintenance of the 
immunosuppressive microenvironment [50,51]. Therefore, we further 
explored the changes of IL-10 in the metastatic region. It was possible to 
find lower levels of IL-10 in the SIL@CPLP and SIL@T groups (Fig. S27), 
which coincided with the result that STAT3 activation was inhibited in 
both groups (Fig. 6D and Fig. S28A). This agrees with the results of WB, 
flow cytometry and immunofluorescence (Fig. 6D–F and Figs. S28–34). 
M1 TAMs increased, M2 TAMs decreased, and Treg cell infiltration 
decreased in the metastases of the SIL@T group, confirming that the 
targeted delivery of SIL therapy could help improve the immunosup-
pressed brain metastatic microenvironment. 

Exploration of the therapeutic mechanism in the BM-mice revealed 
the mechanism of SIL@T treatment in TNBC brain metastases: OXA- 
induced ICD directly kills metastatic tumors while activating adaptive 
immune responses, and SIL reverses the immunosuppressive microen-
vironment of brain metastases to enhance the immune killing effect on 
metastatic tumors. Furthermore, by regulating the "cold" tumor immune 

microenvironment to achieve effective killing of metastatic cells, and 
ultimately to enhance the synergistic therapeutic effect of TNBC brain 
metastases. 

3.9. Therapeutic effect of SIL@T on Co-BM-mice 

There are three types of tumor cell inoculation models [52]: local 
(intracranial), systemic (intracardiac and intracarotid), and orthotopic 
(intradermic/subcutaneous for melanoma and mammary fat pad for 
breast cancer). Of these, systemic inoculation recapitulates all steps 
required for organ colonization. Intracardiac inoculation is the most 
frequently used approach because of its technical feasibility (i.e. no 
requirement for invasive surgery, the injection could be guided by ul-
trasound imaging [53]), high incidence of brain metastasis among mice 
injected with brain-homing cells, and sufficiently homogeneous time to 
reach the experimental endpoint [22,54,55]. However, intracarotid 
inoculation is technically challenging, and requires invasive surgery, 
which may impact disease pathology. Therefore, we finally chose 
intracardiac inoculation. 

Although systemic inoculation is widely accepted, it ignores 
phenotypic variability (i.e. variable number of metastases per mouse) 
and the interaction between primary and metastatic tumors. Therefore, 
a breast cancer transplantation model with intracranial plus extracranial 
(in situ) tumor (Co-BM-mice), mimicking the clinically observed coex-
istence of metastases inside and outside the brain, was used to further 
validate the feasibility of our strategy (model construction is referenced 
in Ref. [56]). The Co-BM-mice were administered on the fifth day after 

Fig. 6. SIL@T can inhibit the phosphorylation of STAT3 and reverse the immunosuppressive microenvironment. A) Scheme of SIL@T reversing immunosuppression. 
B) Immunofluorescence imaging of pSTAT3 in brain cryosections of BM-mice. Blue: nucleus; yellow: pSTAT3. Scale bar: 100 μm. C) ELISA results of TGF-β content in 
metastases (n = 4, One-way ANOVA, **P < 0.01). D) WB results of pSTAT3, iNOS and CD206 proteins in metastases. E) Flow cytometry analysis of M1 polarization of 
TAM in brain metastases. F) Immunofluorescence imaging of CD8+ T cell infiltration in brain cryosections of BM-mice. Blue: nucleus; red: Foxp3. Scale bar: 100 μm. 
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the establishment, and the weight value and brain metastasis signal of 
the Co-BM-mice were monitored and recorded one day after the 
administration, and the survival of the Co-BM-mice was recorded every 
day (Fig. 7A–D). The control Co-BM-mice showed rapid development of 
brain metastases and short median survival time, consistent with the 
clinical presentation of patients with brain metastases. After adminis-
tration, tumor growth was inhibited and survival was prolonged in all 
groups of Co-BM-mice (Fig. 7C and D, Table S4). The overall treatment 
outcome was similar to that of the BM-mice, but improved in the 
non-targeted group (SIL@NT) because the BBB was disrupted in the 
Co-BM-mice. The modification of CSKC contributes to the accumulation 
of the drug at the metastatic site, so the treatment effect is better in 
SIL@T. To further confirm that SIL@T inhibits metastatic tumor growth 
through a cocktail-like treatment strategy that inhibits STAT3 phos-
phorylation and induces ICD, we examined the levels of relevant pro-
teins in the metastatic foci. CRT and HMGB1, markers of immune death, 
were increased in metastatic region after treatment with 
OXA-containing agents (Fig. 7E and F). OXA is highly water-soluble and 
poorly stable, and therefore ICD induction in metastases is poor after 
administration of free OXA. ICD induction was enhanced after 
improving OXA accumulation in the tumor by active targeting and 
prodrug strategies. SIL, as an inhibitor of STAT3 phosphorylation, 
effectively inhibits STAT3 activation in metastatic region (Fig. 7G). 
Targeted micelles exhibited optimal STAT3 phosphorylation inhibition 
because they increased SIL accumulation in metastatic foci. Targeted 
delivery of OXA and SIL can effectively induce immunogenic death of 
tumor cells and inhibit activation of STAT3 in metastatic foci 
(Fig. 7E–G). SIL@T treats brain metastatic tumors through a cocktail 
strategy of microenvironmental modulation-chemotherapy-immune 
synergistic sensitization and therefore exhibits optimal therapeutic 
efficacy. 

4. Conclusions 

We developed a nanomaterial with dual immunomodulatory 

functions to precisely deliver OXA and SIL to tumor cells in brain me-
tastases through a strategy of active targeting and responsive release for 
the treatment of BCBM. Reduction-sensitive OXA prodrugs could pre-
cisely kill tumor cells and induce immune activation, and SIL could 
reverse the immunosuppressive microenvironment to enhance the se-
lective killing of metastatic tumors by adaptive immunity. Meanwhile, 
SIL@T could increase effector T cell infiltration, reduce TAM M2 po-
larization and Treg cell infiltration in the metastatic foci, so as to achieve 
the inhibition of metastatic tumors and prolong the median survival of 
tumor-bearing model mice. 

Due to the limitation of brain immune cognition, we did not conduct 
in-depth exploration of the pathways of peripheral immune activation 
and effector T cell infiltration. After SIL@T treatment, the proportion of 
mature DCs in cervical lymph nodes increased, effector T cells were 
activated in the spleen, and the infiltration of CD8+ T cells in brain 
metastases was improved, all of which supported the immune activation 
ability of SIL@T against brain metastases. The dual immune regulation 
strategy and the functional nanomaterials SIL@T developed in this study 
can provide new ideas for the treatment of tumor brain metastases. 
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Abbreviation 

STAT3 Signal transducer and activator of transcription 3 
BC breast cancer 
TNBC triple-negative breast cancer 
BBB blood-brain barrier 
CNS central nervous system 
IT immunotherapy 
TIL tumor infiltrating lymphocyte 
ICD immunogenic cell death 
CRT calreticulin 
HMGB1 high mobility group protein B1 
TME tumor microenvironment 
TAM tumor-associated macrophages; OXA, Oxaliplatin 
BM-mice triple-negative breast cancer brain metastasis model mice 
CPLOP CSKC-PEG-pLys/OXA-pPhe 
PLOP PEG-pLys/OXA-pPhe; ER, endoplasmic reticulum 
IGF-1R insulin-like growth factor 1 receptor 
BCEC brain capillary endothelium 
CLSM confocal laser scanning microscopy 
CPM chlorpromazine 
TGF-β transforming growth factor β 
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