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Abstract Platinum-based chemotherapy only achieves a short-term success in the treatment of triple-

negative breast cancer (TNBC), which is attributed to immunosuppressive macrophages post-

chemotherapy. Herein, inspired by the plant immune defense mechanism, we demonstrate that edible

astragalus-derived exosome-like nanoparticles (ADNPs) exhibit conspicuous efficacy in reprogramming

M1-like tumor-associated macrophages (TAMs) through the activation of TLR2 signaling. The docking

between released formononetin and TLR2 plays a key role during the cell internalization process. As a

result, ADNPs in combination with Cisplatin (termed ADNP-Cis) greatly inhibit TNBC murine tumor

progression and metastasis. Besides, ADNPs alleviate the peripheral blood toxicity caused by cisplatin
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treatment, and show lower toxicity compared with other TLR2 agonists previously reported. Taken

together, this safe and robust ADNP-Cis therapy offers fresh insights into the management of TNBC

chemotherapy.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

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

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

1. Introduction

Triple-negative breast cancer (TNBC) is the most aggressive

subtype of breast cancer, accounting for approximately 10%—15%

of all newly diagnosed breast cancer cases1. Compared to other

breast cancer subtypes, TNBC is associated with a poorer prog-

nosis, with higher mortality rates as high as 40% within the first 5

years after diagnosis, and a higher recurrence rate within 1—3

years2. Additionally, TNBC is highly invasive; approximately

33% of TNBC patients develop distant metastasis, resulting in a

lower median overall survival of only 13—18 months3. Given the

lack of definitive biomarkers in TNBC, targeted therapy for pa-

tients with TNBC remains largely unexplored4.

Neoadjuvant therapy is initially applied as a preoperative

systemic therapy in patients with malignant tumours, including

multiple therapies such as endocrine therapy, chemotherapy, and

targeted therapy. The role of neoadjuvant therapy has been

extensively researched, highlighting its importance in decreasing

metastatic foci and enhancing the feasibility of surgical inter-

vention in patients with advanced cancers5. Research has

demonstrated that neoadjuvant therapy effectively prolongs

disease-free survival (DFS) among patients with rectal cancer6. A

meta-analysis has revealed that 65% of patients who underwent

neoadjuvant therapy were able to qualify for breast-conserving

surgery. This rate was significantly elevated compared to those

who received adjuvant therapy alone7. However, the outcome of

neoadjuvant therapy remains suboptimal, primarily due to its low

efficacy and high toxicity. More than half of patients failed to

achieve a pathological complete remission (pCR) after neo-

adjuvant therapy8. Furthermore, patients undergoing neoadjuvant

therapy frequently experience chemotherapy-associated adverse

effects, including myelosuppression, anaemia, peripheral neurop-

athy, and nephrotoxicity9, which can complicate or delay subse-

quent treatment plans. Accumulated research has indicated that

the suboptimal efficacy of neoadjuvant therapy is intimately

linked to the immunosuppressive tumour microenvironment

(TME) in TNBC10,11. A new, safe neoadjuvant therapy, combining

chemotherapy and TME restoration, remains in high demand.

The TME primarily consists of various immune cells, for

example, tumour-associated macrophages (TAMs),

B-lymphocytes, T-lymphocytes, and dendritic cells (DCs)12.

TAMs account for 10%—20% proportion of TME, highlighting the

crucial role in orchestrating anti-tumour immune responses13. In

the face of different stimuli, TAMs can differentiate into M1-or

M2-like phenotypes. M1-like TAMs promote pro-inflammatory

response through producing elevated concentrations of pro-

inflammatory cytokines, such as TNF-α, IL-12, and promoting

CD8+ T-cell activation14,15. Conversely, M2-like TAMs promote

an anti-inflammatory and pro-tumorigenic phenotype by produc-

ing anti-inflammatory cytokines such as TGF-ß and IL-10. These

cytokines suppress the immune response, promote angiogenesis,

and enhance tumour proliferation and invasiveness16, which

contribute to poor patient prognosis17,18. TLR agonists have been

developed and applied in preclinical and clinical treatment in

macrophage polarization. For instance, specific microbial com-

ponents, particularly pathogen-associated molecular patterns

(PAMPs) derived from fungi and bacteria, can efficiently activate

toll-like receptors (TLRs) expressed on macrophages, thereby

inducing their differentiation into a robust M1-like phenotype19,20.

However, the PAMPs mimicking TLR agonists have shown

insufficient biocompatibility21, leading to a failure in achieving

significant success in clinics. On the other hand, Plants synthesize

small RNAs and package them into extracellular vesicles (EVs) to

suppress fungal pathogen infections22,23. These fresh plant-

derived nanoparticles (PDNPs), rather than PAMP analogues,

were proven to be novel and efficient nano-agonists that drive the

innate immunity of plants. However, little is known about cross-

species application of PDNPs in cancer immunotherapy, espe-

cially when it is combined with neoadjuvant therapy. Previously,

our team found that ginseng-derived exosome-like nanoparticles

(GDNPs) could efficiently reverse TAMs polarization and syner-

gize with immunotherapy; however, it remains modest efficacy in

the TNBC tumor model24,25. Given that the haematological

toxicity happened in most patients under chemotherapy, largely

limiting the combinable effects with immunotherapy or targeted

therapy, it is still highly warranted to explore alternative anti-

tumour PDNPs with both high efficiency and low toxicity.

Astragalus has been applied in clinical treatment and food

supplements in Asia for thousands of years. Several studies have

demonstrated the potential anti-tumour effects and immune

remodelling of Astragalus. For instance, astragaloside IV, the

active component of Astragalus, has been shown to improve the

inflammatory state of endothelial cells in enteritis, reducing the

risk of intestinal cancer26. Astragalus polysaccharides can effec-

tively enhance the immune activity of TAMs in TNBC, contrib-

uting to anti-tumour immune responses27,28. Compared to dried

Astragalus, fresh Astragalus retains more pharmacologically

active components, such as higher levels of n-hexanol and o-

xylene29. Astragalus-derived exosome-like nanoparticles

(ADNPs) are isolated and purified from the fresh root of Astra-

galus membranaceus. ADNPs have shown vigorous immunity

against Aeromonas hydrophila infection in tilapia30. However, the

impact of ADNPs in tumour immunity remains inconclusive.

In this research, inspired by the plant immune defense mech-

anism, we developed natural ADNPs with encouraging anti-

tumorigenic effects in vivo. The component of ADNPs, for-

mononetin, can reprogram TAMs efficiently, promote the activa-

tion of CD8+ T lymphocytes, and reduce CD8+ T cell exhaustion,

thereby enhancing the anti-neoplastic efficacy of cisplatin-based

chemotherapy (Fig. 1). Moreover, combining ADNPs with

cisplatin-based neoadjuvant therapy (ADNP-Cis) significantly

suppresses tumor metastasis and establishes long-term (over 60

days) anti-tumor immune memory in a triple-negative breast

cancer (TNBC) murine model. Furthermore, ADNP-Cis therapy
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improves cisplatin-induced myelosuppression by increasing red

blood cell counts. Together, ADNP-Cis therapy innovatively

provides an effective and safe strategy for neoadjuvant chemo-

immunotherapy in TNBC.

2. Materials and methods

2.1. Ethics statement, mice, and cell lines

All human-related experimental procedures were reviewed and

approved by the Clinical Ethics Committee of Changsha Yaxiang

Biotechnology Co., Ltd. (AEWC-20220329-198). The tissue

microassay is supported by AiFang Biological.

Female C57BL/6 and BALB/c mice of wild-type were sourced

from Jiangsu Qinglongshan Biotechnology Co., Ltd. (Jiangsu,

China). TLR2-deficient C57BL/6 mice were kindly provided by

Prof. Lixin Wang. All animal studies were performed in compli-

ance with the guidelines approved by the Institutional Animal

Care and Use Committee of Nanjing University of Chinese

Medicine (202409A043, AEWC-20220329-198).

The murine breast cancer cell lines (4T1, PY8119, and EO771)

were procured from the Institute of Biochemistry and Cell

Biology, Chinese Academy of Sciences (Shanghai, China) and the

Chinese Tissue Culture Collection. Cells were cultured in Dul-

becco’s modified Eagle’s medium (DMEM, VivaCell Biosciences,

VivaCell Biosciences, C04001-500, Shanghai, China) or RPMI

1640, supplemented with 10% fetal bovine serum (FBS, VivaCell

Biosciences, C04001-500, Shanghai, China), 100 U/mL penicillin,

and 100 mg/mL streptomycin (Thermo Fisher Scientific, 15140-

122 Waltham, MA, USA). All cell lines were maintained at 37 ◦C

in a humidified atmosphere containing 5% CO2.

2.2. Isolation and characterization of ADNPs

Fresh stems of Astragalus membranaceus were obtained from the

Astragalus membranaceus Base (Datong, Shanxi, China) and

rinsed twice with purified water at room temperature. The stems

were ground using a slow juicer to extract the fresh fluid. The

juice was then subjected to sequential centrifugation at 2000×g

and 10,000×g to eliminate large debris and fibrous material. The

resulting supernatant was ultracentrifuged at 100,000×g for

60 min (Beckman Coulter, Optima XE-100, Brea, CA, USA;

Supporting Information Fig. S1). The pellet was resuspended in

PBS, layered onto a sucrose gradient (8%, 15%, 30%, 45%, and

60%), and ultracentrifuged again at 100,000×g. After dilution in

PBS, the sample underwent a final ultracentrifugation step at

Figure 1 Schematic representation of naturally derived ADNPs polarizing TAMs, enhancing chemotherapy in TNBCs.
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100,000×g for 60 min. The final pellet was resuspended in sterile

PBS and filtered through a 0.45 μm membrane for subsequent use.

2.3. The content of ononin and formononetin in different tissues

was detected by the UPLC-Q-Orbitrap/MS method

Tissue separated from the liver, spleen, lung, and tumor of mice

was quickly frozen in the − 80 ◦C after PBS cleaning and

precipitated with 1 mL methyl alcohol. Then, 100 mg of ho-

mogenized glass beads was added to grind and mix. Pooled

quality control samples were prepared by mixing equal (2.00 mg/

mL) amounts of each tissue sample. All samples were subse-

quently centrifuged at 13,000×g for 10 min at 4 ◦C, and then the

supernatant from each sample was transferred to another 2 mL

centrifuge tube. The supernatants were concentrated to dryness in

a vacuum, following dilution with pure methanol successively. For

ADNPs, the samples were diluted for analysis. The supernatants

were subjected to metabolomics profiling by UPLC-Q-Orbitrap/

MS after being filtered through a 0.22 μm membrane.

Chromatographic separation was used with an Agela Venusil

C18 Plus 50 mm × 2.1 mm, 5 μm column maintained at 40 ◦C.

The temperature of the autosampler was 8 ◦C. The mobile phase

consisted of 0.1% formic acid in water (eluent A) and acetonitrile

(eluent B) at a flow rate of 0.35 mL/min. Injection of 5 μL of each

sample was done after equilibration. Gradient conditions were set

as follows: 10% B isocratic 0.0 min, 10%—95% B linear

0.0—2.0 min, 95% B isocratic 2.0—3.8 min, 95%—10% B linear

3.8—4.0 min, and 10% B isocratic 4—5 min.

The ESI-MS experiments were used with the spray voltage of

4 kV in positive modes, respectively. Sheath gas and auxiliary gas

were set at 50 and 15 arbitrary units, respectively. Respectively,

the capillary temperature was 320 ◦C. The Orbitrap analyzer

operated with a mass range of m/z 81—1000 for full-scan analysis

at a resolution of 70,000. Data-dependent acquisition (DDA) MS/

MS experiments were conducted using higher-energy collisional

dissociation (HCD) scanning, with a normalized collision energy

of 30 eV. Dynamic exclusion was applied to eliminate unnec-

essary information from the MS/MS spectra.

2.4. Cell viability assays

To better characterize the effect of ADNPs on cell proliferation.

BMDMs, 4T1, and EO771 were treated by ADNPs for 48 h. Then,

cell viability assays were performed by using the CCK8 kit

(Yeasen, 40203ES80, Shanghai, China) following the indicated

protocol.

2.5. DiO or DiI staining

ADNPs were stained with 5 μmol/L DiI (Invitrogen, V22885,

Carlsbad, CA, USA)/DiO (Invitrogen, D275, Carlsbad, CA, USA)

dye for 15 min at 37 ◦C. Then, ADNPs were centrifuged and

washed with PBS with 10% serum 3 times. At last, the staining

effect was evaluated by fluorescence detection.

2.6. Cellular uptake experiments

To better evaluate the ADNPs’ biodistribution in various cells.

4T1, EO771, and BMDMs were treated with 10 μg/mL DiI-

ADNPs for 12, 24, 36, or 48 h by flow cytometry assay to char-

acterize the cellular uptake of ADNPs.

2.7. Macrophages and T lymphocytes co-culture experiments

To better assess the pharmacological action of ADNPs on CD8+ T

lymphocytes proliferation. CD8+ T lymphocytes were extracted

from the spleen of BALB/c mice with the CD8a microbeads kit

(Miltenyi, 130-117-044, Bergisch Gladbach, Germany). We

stained CD8+ T lymphocytes with CFSE dye for 15 min and then

co-cultured them with macrophages, which had been treated with

or without ADNPs for 3 days. The proliferation of CD8+ T

lymphocytes was detected by flow cytometry.

2.8. Animal study design

To characterize the efficiency of ADNPs combined with Cisplatin

by analyzing samples from mice with tumors. Three murine tumor

models (EO711, 4T1-luc, and PY8119) were selected to evaluate

the combinatorial treatment efficiency. 6-Week-old male mice

were inoculated subcutaneously with 5 × 105 cells under the

fourth breast pad (n � 7‒8 per group, Day 0). The first treatment

was scheduled until the tumor was around 50‒100 mm3 on Day 8.

The Vehicle group received NS (100 μL/mouse/i.p.), Cisplatin (68

μg/100 μL/mouse/i.p., Beyotime, ST1164-10 mg, Shanghai,

China), and ADNPs (200 μg/100 μL/mouse/i.p.) were injected

intraperitoneally on Days 8, 11, 14, 17, and 20 as Fig. 2A dem-

onstrates. The tumors were measured every other day with a

caliper, and the volume was calculated according to Eq. (1):

Tumor volume � Length × Width2
/
2 (1)

Mice with no visible or touchable tumors on consecutive days

were considered to have completely regressed tumors. Mice were

sacrificed when the tumor volume was over 2000 mm3. Tumor

weight was calculated by using an electronic weighing machine.

The 4T1 murine breast cancer lung metastasis study: 6-week-

old female BALB/c mice were inoculated with 2 × 105 4T1

murine breast cancer cells in the right lower breast pad on Day 0.

On Day 5, 1 × 105 4T1-luc murine breast cancer cells were

intravenously injected to mimic the breast cancer lung metastasis.

The treatment was started when the tumor volume in the breast

pad was around 50—100 mm3. Mice were sacrificed on Day 20,

and their lungs were harvested and stored in Bouin’s buffer (G-

CLONE, RS 4140, Beijing, China).

To investigate tumor growth inhibition in the 4T1 murine

TNBC model driven by ADNP-mediated TAMs polarization, 4T1-

bearing BALB/c mice were treated with ADNPs in the presence of

clodronate liposomes (CL, Yeasen, 40203ES80, Shanghai, China).

Mice in the Vehicle group were treated with the same dose of

liposomes containing PBS (PL, Yeasen, 40338ES10, Shanghai,

China).

To analyze the role of TLR signaling pathways in macrophage

polarization induced by ADNPs, TLR2-deficient C57BL/6 mice

were implanted with PY8119 murine breast cancer cells.

The drug safety evaluation was performed by HE staining of

main organs, the test of blood routine, liver and kidney function,

EPO, MDA, and SOD analysis in whole blood or serum.

2.9. Colony-forming unit (CFU) assays

The methylcellulose-based medium with recombinant cytokines

(including EPO) for mouse cells (STEMCELL, catalog#03434,

Vancouver, Canada) was used. Bone marrow is extracted from 7-

week-old C57BL/6 mice. 1 × 105 cells were treated with PBS,

Astragalus-derived nanoparticles improve chemotherapy by polarizing macrophages 3937



Figure 2 Combination therapy of ADNPs and Cisplatin (ADNPs-Cis) inhibits tumor growth in a 4T1 triple-negative breast cancer (TNBC)

murine model. (A) Experimental schedule for tumor implantation and treatment administration. (B) Mean tumor volume in mice treated with

Vehicle, ADNPs, Cisplatin, or ADNPs-Cis over time in the 4T1 murine model (n � 5 per group). (C) Mean tumor volume analysis of EO771 and

(D) PY8119 in the TNBC tumor murine model. (E) Levels of hemoglobin (HGB), red blood cells (RBC), and platelets (PLT) in vivo (n � 3—5 per

group). (F) Levels of creatine kinase (CK), alanine aminotransferase (ALT), lactate dehydrogenase (LDH), and blood urea nitrogen (BUN) in vivo.

3938 Xuan Han et al.



Cisplatin, or ADNP + Cis for 7 days. The colony unit was

calculated, and a representative image was taken at

4 × magnification of the microscope objective.

2.10. Tissue dissociation and flow cytometry

Tumor samples were minced with scissors before incubation with

0.5 mg/mL Collagenase IV (Yeasen, 40510ES60, Shanghai,

China) and 0.1 mg/mL DNase (Yeasen, 10607ES15, Shanghai,

China) in DMEM for 40 min at 37 ◦C. Single cell suspensions

were prepared by filtering through 100 μm nylon filter strainers

and washing. Immune cells were isolated from the tumor cell

suspension using Percoll (GE Healthcare, 17-0891-09, Con-

necticut, CT, USA). Dead cells were excluded using Fixable

Viability Dye (Invitrogen, 65-0866, Carlsbad, CA, USA), in

combination with anti-CD16/32 monoclonal antibody

(BioLegend, 101302, San Diego, CA, USA), by incubating for

15 min on ice in the dark. Then, cells were stained for 30 min in

PBS with appropriate dilutions of various combinations of the

following fluorochrome-conjugated antibodies, including anti-

CD86 (b7-2) APC, anti-CD8a eFluor450, anti-NK1.1 APC, anti-

Ly-6G Alexa Fluor647, anti-CD3 APC-eFluor 780, anti- CD16/32

purified, anti-CD25 super bright 436, anti-IL-6 APC, anti-CD19

APC, anti-CD4 APC, anti-CD11b APC/Cy7, anti-Ly-6C APC/

Cy7, anti-CD69 FITC, anti-CD45 FITC, anti-CD11c Alexa Fluor

488, anti-F4/80 FITC, anti-CD62L Brilliant Violet 605, anti-

CD103 PE, anti-CD206 PE, anti-CD11 b PE, anti-CD8a PE, anti-

CD279 (PD-1) PerCP710, anti-F4/80 Brilliant Violet 421, anti-

CD80 PE-Cy7, anti-CD45 PerCP/Cy5.5. For T cell-derived anti-

tumor cytokines, 2 × 106 TILs were incubated in RPMI-1640

culture medium with Cell Stimulation Cocktail Plus Protein

Transport Inhibitors (Invitrogen, 65-0866, Carlsbad, CA, USA) for

6 h. Then, the cells were stained with surface markers, fixed, and

permeabilized using a Fixation/Permeabilization Kit (Invitrogen,

00-5521, Carlsbad, CA, USA) with anti-TNFα PE-Cy7, anti-

FOXP3 PE, anti-Ki67 PerCP710, anti-IFN-γ Brilliant Violet 421,

anti-Granzyme B PerCP/Cy5.5, and anti-CD45 PerCP/Cy5.5,

which were diluted in the permeabilization buffer (Invitrogen, 00-

8333, Carlsbad, CA, USA) and stained for 45 min. The flow

cytometry assay is supported by Jiangsu Cell&Protein Biotech-

nology Co., Ltd.

2.11. Immunohistochemistry

Fresh organs such as the heart, liver, spleen, lung, and kidney were

fixed. Hematoxylin and eosin staining was performed to analyze

microscopic pathological changes in murine main organs under

different treatments by an optical microscope (Olympus, Japan).

Fresh tumor samples were fixed with 4% PFA for several days and

embedded in paraffin, sectioned into 5-μm-thick sections, and

observed using a Leica RM 2235154 (Leica, RM 2235154,

Weztlar, Germany) after being mounted on adhesive glass slides.

5% BSA (Service Bio, 155 G50001, Wuhan, China) and CD8

(abcam, ab217344, Cambridge, UK) were used for staining to

evaluate infiltration of CTLs in tumors. Ki67 (abcam, ab16667,

Cambridge, UK) was used to evaluate the tumor cells’ activity.

The immunohistochemistry is supported by Wuhan Pinuofei

Biological Technology Co., Ltd.

2.12. Confocal microscope and immunofluorescent

For immunofluorescence, BMDMs were fixed in 4% para-

formaldehyde. Sections were washed three times with PBS for 5 min

and mounted using DAPI (Beyotime, C1005, Shanghai, China) and

imaged using 100 × magnification with a NIKON Eclipse ci with

Case viewer software (3DHISTECH Ltd., 2.5 0.143918, Budapest,

Hungary). The resultant digital images were analyzed using the NIS-

Viewer. Image analysis was performed in Image J with the area

measurement application or manual counting.

For DiI-ADNPs or formononetin-biotin-treated M2-BMDMs,

sliced samples were fixed in ice-cold 4% paraformaldehyde. After

being incubated with 5% BSA, they were incubated with TLR2-

FITC/formononetin-biotin overnight at 4 ◦C and biotin-AF549 for

another 2 h. The NICON Eclipse Ti (Nicon, Eclipse Ti, Tokyo, Japan)

microscope was used to analyze the colocalization between TLR2

and ADNPs/Formononetin. The immunofluorescent confocal assay

is supported by Wuhan Servicebio Technology Co., Ltd.

2.13. Preparation of protein samples and pull-down

The cell lysate (1 × cocktail protease inhibitor) was prepared at

4 ◦C, and the protein concentration was quantified using the BCA

assay. A 50 μL cell sample and 250 μL of TBS were added into

the PierceTM spin column (Pierce, 89879, Rockford, IL, USA)

and centrifuged at 1000×g for 50 s to remove the TBS. Then,

300 μL of biotin (5 mmol/L) along with the formononetin-

conjugated biotin was introduced to the spin column and incu-

bated for 60 min, which was terminated by biotin blocking solu-

tion and rinsed with TBS. A total of 300 μL of protein trapping

solution was used to capture formononetin-conjugated biotin,

followed by washing with 250 μL of washing buffer. The protein

was then resuspended in 2 × loading buffer, separated by elec-

trophoresis, and the band of interest was excised for further

analysis. The experimental process and data analysis were per-

formed by TGTMED Co., Ltd. (Shanghai, China).

2.14. Identification by mass spectrometer

The samples underwent sequential washing steps using ultrapure

water, de-staining solution, acetonitrile, and NH4HCO3. Following

this, the proteins were subjected to reduction and alkylation using

dithiothreitol (DTT) and iodoacetamide, respectively, and subse-

quently digested with trypsin. The resulting peptides were dried

and then reconstituted in a buffer solution composed of acetoni-

trile, water, and formic acid. For desalination, the dried peptides

were processed using a Ziptip C18 column (Merck KGaA,

CB6574718, Darmstadt, Germany) and redissolved in 0.1% for-

mic acid prior to analysis by mass spectrometry. The mass spec-

trometer was operated under the same parameter settings as

previously described. Peptide identification and data analysis were

performed using Proteome Discoverer 2.4 software (Thermo

Fisher Scientific, Proteome Discoverer 2.4, Waltham, MA, USA).

(G) Experimental time schedule for the 4T1 TNBC lung metastasis murine model and treatment administration. (H) Representative HE images of

lung metastases and (I) corresponding quantitative analysis (n � 3 per group; Scale bar � 3 mm). (J) Representative HE images of liver me-

tastases and (K) corresponding quantitative analysis (Scale bar � 50 μm). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are

presented as mean ± SEM and analyzed by two-way ANOVA or one-way ANOVA.
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Figure 3 Single-cell RNA sequencing (scRNA-seq) analysis of the tumor microenvironment (TME) in TNBC patients. (A) UMAP visuali-

zation of major cell populations within TNBC tumors. (B) Comparative analysis of immune cell frequencies in the TME of TNBC patients with

and without chemotherapy. (C) UMAP visualization of macrophages within TNBC tumors. (D) Changes in macrophage subtype frequencies in

the TME of TNBC patients with and without chemotherapy. (E) Kaplan—Meier survival analysis of TNBC patients from the TCGA database

stratified by CD163highCD8Alow and CD163lowCD8Ahigh expression (P � 0.016). (F) Kaplan—Meier survival analysis of TNBC patients from the

3940 Xuan Han et al.



The experimental process and data analysis were performed by

TGTMED Co., Ltd. (Shanghai, China).

2.15. Molecular docking

The ligand structure of TLR2, initially in Mol2 format, was

transformed into PDB format using Chem3D software

(PerkinElmer Informatics, V14.0.0.117, Waltham, MA, USA).

Subsequently, the three-dimensional (3D) structures of SQLE and

HMGCR in PDB format were retrieved from the Protein Data

Bank (PDB). These structures were then processed to remove

water molecules and add hydrogen atoms using PyMOL software

(http://www.PyMOL.org). For molecular docking analysis,

AutoDock Tools 1.5.6 was employed to identify the active binding

pockets, define the grid box coordinates and dimensions, and

assess the interaction between the core ligand and target proteins.

The docking results were visualized and analyzed using PyMOL.

2.16. Molecular dynamics simulation

The molecular dynamics simulation of the ligand bound to TLR2

(PDBID: 6NIG) complexes was conducted by GROMACS 2022.

Firstly, the initial conformation of the ligand was generated by

AutoDock Vina (1.2.0). The parameter files of the ligand were

obtained from SwissParam (www.swissparam.ch). The model

system was filled with dodecahedron TIP3 water, and Na+/Cl— was

added to ensure electrical neutrality. MD simulations of the model

systems were completed for 100 ns at a constant temperature of

310 K. Trajectories of simulations were further analyzed and

visualized by UCSF ChimeraX (version: 1.9rc202411270810) and

Discovery Studio Visualizer (BIOVIA Discovery Studio 2019,

Dassault Systèmes, San Diego, CA, USA), while the Root Mean

Square Deviation (RMSD) was calculated using GROMACS 2022.

2.17. Bioinformatic analyses

Computational analyses were conducted using the R software

environment for statistical computing and graphical visualization.

For triple-negative breast cancer (TNBC) tumors, single-cell

mRNA expression data were obtained from the Expression Proj-

ect for TNBC (expO; http://www.intgen.org/) and analyzed using

publicly available datasets (GEO accession numbers: GSE176078

and GSE58812).

2.18. Statistical analyses

Data are presented as mean ± standard error of the mean (SEM).

Statistical evaluations were performed using GraphPad (GraphPad

Software, Prism 9.5.0, San Diego, CA, USA). Depending on the

experimental design, appropriate statistical tests were applied,

including unpaired Student’s t-test, one-way or two-way analysis

of variance (ANOVA), and the log-rank (Mantel—Cox) test. A P-

value of less than 0.05 was considered statistically significant,

with significance levels denoted as follows: *P < 0.05,

**P < 0.01, ***P < 0.001, and ****P < 0.0001.

3. Results

3.1. Elevated M2-like macrophages and reduced CD8+ T cells

in post-chemotherapy tumors in TNBC patients with poor

prognosis

Firstly, we evaluated the immune cell subtypes in the TME of

TNBC patients using publicly available datasets of scRNA

sequencing. A diverse range of cell types within the TME

including macrophage, CD4+ T lymphocytes, CD8+ T lympho-

cytes, plasma blast, endothelial, and pericyte were analyzed

(Fig. 3A). Macrophages and CD8+ T lymphocytes were the most

abundant immune cell subtypes in TNBC patients with chemo-

therapy (Fig. 3B). Next, investigation of the chemotherapy effects

on the immune cell composition within the TME. Compared to

chemotherapy-naive (untreated) tumors, post-chemotherapy tri-

ple-negative breast cancer (TNBC) tumors showed a marked

reduction in cytotoxic immune cells―such as CD8+ T lympho-

cytes, CD4+ T lymphocytes, and plasmablasts―as well as a

decline in endothelial cells. Conversely, these tumors exhibited an

increase in M2-like tumor-associated macrophages (TAMs,

Fig. 3C and D), fibroblasts, and pericytes (Fig. 3B). However,

analysis of the TCGA data set suggests an association of higher

levels of M2-like TAMs (CD163High or ARG1High) and the lower

levels of CD8+ T lymphocytes with worse survival outcomes

(Fig. 3D—F). Additionally, immunohistochemistry analysis of

tumor tissues from TNBC patients confirmed the abundance of

CD8+ T cells and M2-like TAMs are inversely correlated

(Fig. 3G). Our data showed a negative correlation between the

CD163 and CD8 expression in TNBC tumor samples, both in

patients with chemotherapy and patients without chemotherapy,

indicating that higher M2-like TAMs were accompanied by lower

CD8+ T cells in all TNBC patients (Fig. 3H).

As the application of paclitaxel and platinum are commonly

used in TNBC clinical treatment, we compared the treatment ef-

ficiency of paclitaxel and platinum and analyzed the TME in 4T1

breast cancer murine model (Fig. 3I). The results showed that both

paclitaxel and Cisplatin could efficiently inhibit 4T1 breast cancer

tumour volume and tumour weight (Fig. 3J and K, Supporting

Information Fig. S2A). Neither chemotherapies altered the mice’s

body weight (Fig. S2B). In comparison to the Vehicle group, the

paclitaxel and Cisplatin group exhibited a rise in M2-like/M1-like

macrophages and a decline in CD8+ T/CD45+ cells (Fig. 3L and

M), aligning with the scRNA-seq results from TNBC tissues.

These results imply that enhancing CD8+ T lymphocyte levels

while reducing M2-like TAM generation in the post-

chemotherapy tumour microenvironment may lead to better sur-

vival outcomes for TNBC patients.

3.2. The biophysical characterization of astragalus-derived

exosome-like nanoparticles (ADNPs)

Astragalus has been reported to have the ability to effectively

improve the TME and enhance tumour therapy27. Plant-derived

nanoparticles have shown better pharmacological characteristics

TCGA database stratified by ARG1highCD8Alow and ARG1lowCD8Ahigh expression (P � 0.049). (G) Representative immunohistochemical (IHC)

staining of CD8 and CD163 in tumor tissue microarrays from TNBC patients. Scale bar � 100 μm. (H) Correlation analysis of CD8 and CD163

expression in chemotherapy-treated versus untreated TNBC patients (Patient 18,383: untreated; Patient 15,840: treated). (I) Two major clinical

chemotherapies in the 4T1 murine triple negative breast cancer model time schedule. (J) Tumor volume analysis (K), Tumor weight (L), CD8/

CD45, and (M) M1/M2 in TME. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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in immune regulation31. However, it is unknown whether

astragalus-derived ADNPs possess anti-tumour bioactivity in

TNBC. To investigate this, we first isolated ADNPs from fresh

Astragalus through a series of processes including juicing, filtra-

tion, and differential centrifugation (Supporting Information

Fig. S1). ADNPs exhibited a size distribution between 200 and

300 nm by nanoparticle tracking analysis (NTA) (Fig. 4A). Be-

sides, ADNPs were characterised as bi-layered and oval-shaped

nanovesicles in transmission electron microscopy (TEM)

(Fig. 4A). The ADNPs exhibited a mean surface potential of

− 24.741 mV measured by dynamic light scattering (DLS) (Sup-

porting Information Fig. S3A). Initially, the pellets were resus-

pended in PBS and subsequently layered onto a sucrose gradient

solution comprising concentrations of 8%, 15%, 30%, 45%, and

60%. Following ultracentrifugation at 100,000×g for 1 h, the

vesicle fraction, predominantly concentrated in the 15% sucrose

layer, was carefully harvested for further analysis (Fig. 4B).

Additionally, we showed that ADNPs have a high temperature

stability and pH stability, evidenced by retained structural integ-

rity and grain size at temperatures of 80 and —80 ◦C, as well as in

simulated gastric and intestinal fluids (Fig. S3B). Furthermore, the

physical structure of ADNPs was degraded when exposed to

DNase and protease (Fig. S3B), indicating instability of ADNPs in

an enzymatic environment. By using a high-throughput non-tar-

geted lipidomic and metabolomic analysis, we showed that

ADNPs comprise the vast majority of sphingomyelin (∼80%) and

ceramide (∼4%), similar to common cellular components

(Fig. S3C). ADNPs contained two representative bioactive com-

ponents of Astragalus, the formononetin and ononin, while

notably lacking the astragaloside (Fig. S3D). While the measured

protein concentration varied between batches due to differences in

dilution volumes or harvest seasons, no significant differences

were observed in the mean concentrations of active compounds

(e.g., formononetin) when batches were normalized to the same

protein concentration (Fig. S3D). Thus, we speculated that

ADNPs may include small molecules, lipids, DNA, and proteins

inside (Fig. S3E). To better evaluate the biofunction of ADNPs,

the DiI-stained ADNPs were characterized. The DLS measure-

ments, zeta potential, and relative fluorescent intensity of DiI-

ADNPs demonstrated excellent stability over several days,

ensuring reliable performance for both in vivo and in vitro ex-

periments (Fig. S3F).

Next, to explore whether ADNPs affect tumour cell activity

in vitro, we analysed the cell viability after different concentra-

tions of ADNPs in multiple breast cancer cell culture systems. Our

data showed that ADNPs failed to inhibit the activity of 4T1 and

EO771 cells (Supporting Information Fig. S4A). This is likely due

to the minimal levels of ADNPs uptake by tumour cells. In 4T1

cells, ADNPs were taken up by less than 1% of tumour cells after

48 h of ADNPs treatment (Fig. 4C). In EO771 cells, the uptake

efficiency of ADNPs was 1.06% in 48 h, approximately double

that of 24 h, indicating that prolonging the treatment period did

not improve the efficacy of ADNPs uptake in tumour cells

(Fig. 4C).

To further explore the direct effects of ADNPs on other im-

mune cells, we examined the phagocytosis of ADNPs within the

splenocytes in vivo. The proportion of macrophages phagocy-

tosing ADNPs was significantly higher than that of other immune

cells (Fig. 4D). Following 36 h of exposure to ADNPs, approxi-

mately 27.5% of bone marrow-derived macrophages (BMDMs)

exhibited uptake of the nanoparticles, and the phagocytic activity

demonstrated a progressive increase over time (Fig. 4E),

suggesting that ADNPs showed a great tropism for macrophages

compared with other immune cells and tumor cells. Next, the

localization of DiI-labeled ADNPs in macrophages also indicates

the targeting ability of ADNPs in macrophages (Fig. 4F). Besides,

our data suggested that the phagocytosis of ADNPs was signifi-

cantly inhibited after treatment with macropinocytosis inhibitor

EIPA, whereas treatment with the phagocytosis inhibitors Filipin

III and Nocodazole had no significant effect (Fig. S4B), indicating

that macrophages may predominantly uptake ADNPs through a

macropinocytosis-mediated pathway.

To investigate the biodistribution of ADNPs in vivo, mice

administered with DiO-ADNPs by i.p. were sacrificed after 72 h.

We confirmed that ADNPs were stably present in the spleen, liver,

lungs, and tumour tissues of mice (Fig. S4C). Two bioactive

components of Astragalus in ADNPs, i.e., formononetin and

ononin, were detected predominantly in the lung, liver, and spleen,

respectively (Fig. S4D). Additionally, formononetin and ononin

were both detected in the liver, spleen, and lungs (Fig. S4D),

which indicated that ADNPs may target the organs prone to

TNBC metastasis. To assess the protein composition of ADNPs,

we analyzed their protein expression profiles both before and after

enzymatic treatment with DNase I or proteinase K. The results

revealed a marked decrease in protein expression following pro-

teinase K digestion, confirming the presence of protein compo-

nents within the ADNPs (Fig. S4E).

3.3. ADNPs combined with Cisplatin (ADNPs-Cis) therapy

effectively inhibit TNBC progression and reduce the toxic side

effects of Cisplatin

While the paclitaxel and platinum are both first-class clinically

applicable drugs for TNBC, the platinum showed a better 5-year

DFS and lower tumour recurrence in TNBC32,33. This led us to

establish a combination of ADNPs and Cisplatin (ADNPs-Cis)

treatment for TNBC. To assess the effect of ADNPs-Cis in TNBC,

we established a tumour-bearing murine model by orthotopically

implanting 4T1 breast cancer murine cells into the right fourth

mammary pad of BALB/c mice for 21 days. Mice were divided

into four groups treated with (a) 90% saline, (b) ADNPs,

(c) cisplatin, or (d) ADNPs-Cis every three days from Day 8 to

Day 20 (Fig. 2A). No significant change in body weight was found

among different groups (Supporting Information Fig. S5A). The

tumour volume analysis and representative tumour image showed

that 4T1 tumour growth was significantly inhibited in all treatment

groups (Figs. 2B, S5B). Though the treatment of ADNPs alone

showed a less inhibitory effect on tumour volume than treatment

of Cisplatin alone, ADNPs-Cis treatment further strengthened the

inhibitory effects on tumour volume compared to treatment of

Cisplatin alone (Fig. 2B). Consistently, the tumour mass was

conspicuously reduced in ADNPs-Cis compared with the cisplatin

or ADNPs treatment alone (Fig. S5C). The improved inhibitory

effects of ADNPs-Cis on tumour growth were observed in other

murine TNBC models (EO117 and PY8119) (Fig. 2C and D,

Supporting Information Figs. S5D—S5G, S6A—S6D). Notably,

mice treated with ADNPs-Cis showed improved survival time

compared to those in other groups, indicating that the ADNPs-Cis

significantly inhibits TNBC tumour progression with maintained

safety in mice (Fig. S6E).

Furthermore, histological analysis revealed that the ADNPs-

Cis-treated mice exhibited significantly fewer mitotic cells in

tumour cells compared to the Cisplatin group, suggesting an
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inhibition of tumour cell proliferation (Fig. S6F). Protein

expression of Ki67 was also significantly reduced in the ADNPs

group, Cisplatin group, and ADNPs-Cis group compared to the

Vehicle group, indicating a reduced proliferation ability of tumor

cells in the treatment groups (Fig. S6G).

To further assess the safety of the ADNPs-Cis in vivo treat-

ment, the blood from mice in 4 groups was collected and analysed.

Our experimental results revealed that compared with the

Cisplatin treatment group, ADNPs and ADNPs-Cis therapy

reversed the reduction of red blood cell counts, platelets, and

haemoglobin in Cisplatin-treated mice (Fig. 2E). In addition, CK,

ALT, LDH, and BUN were in safe ranges under different con-

centrations of ADNPs, indicating the minimal cardiotoxicity and

nephrotoxicity of ADNPs at different concentrations (Fig. 2F). No

significant difference was found in kidney function and blood

routine in vivo (Supporting Information Fig. S7A—S7F). To better

clarify the function of ADNPs in hematological toxicity

improvement. The MDA, SOD and EPO were detected in murine

serum. In line with the fact that Cisplatin was reported to reduce

EPO and SOD level, however, ADNPs were found to restore the

functions of EPO (Fig. S7G) and SOD (Fig. S7H), despite that

SOD level was slightly lower than that of the control group.

Meanwhile, Cisplatin significantly increases the MDA level,

which was largely reduced by the ADNPs treatment (Fig. S7I).

Besides, to better evaluate the anti-myelosuppression of ADNPs,

the colony-forming assays were performed, and the results showed

that the ADNPs could efficiently protect the cloning ability of

bone marrow stem cells compared with that destroyed by Cisplatin

(Fig. S7J). Additionally, the analysis of hematoxylin-eosin (HE)

staining in multiple organs revealed no significant pathological

change among treatment groups (Supporting Information

Fig. S8A). Together, our study suggests that ADNPs-Cis therapy

effectively inhibits the TNBC progression and reduces the toxic

side effects of Cisplatin.

Given that the mortality and eligibility of surgery are associ-

ated with tumour metastasis, we evaluated ADNPs-Cis therapy on

TNBC metastasis using the 4T1 breast cancer lung metastasis

murine model (Fig. 2G). To better characterize the combinatorial

treatment efficiency in decreasing lung metastasis, HE staining

was performed (Fig. 2H), and the results showed that ADNPs-Cis

significantly reduced 90% of lung metastatic foci in the lung

compared to ADNPs or Cisplatin group (Fig. 2I). Furthermore, we

also observed elimination of liver metastatic foci by HE staining

(Fig. 2J) in situ spontaneous transfer mode; the results showed that

ADNPs-Cis treatment is better than ADNPs or Cisplatin treatment

in liver metastasis suppression (Fig. 2K). Together, our data sug-

gest that ADNPs-Cis therapy effectively inhibits tumour

metastasis.

3.4. ADNPs-Cis therapy effectively reprograms TAMs to

enhance the beneficial effects of Cisplatin on the TME

To gain deeper insights into the impact of ADNPs-Cis on the

tumor microenvironment (TME) in triple-negative breast cancer

(TNBC), we conducted a comprehensive analysis in sub-

populations of TAMs and T lymphocytes in the TME. Flow

cytometry analysis indicated a significantly greater immune cell

infiltration in three treatment groups compared to Vehicle group,

with markedly higher infiltration of immune cells (CD45/live

cells) in the ADNPs-Cis group than either the ADNPs or Cisplatin

groups alone (Fig. 5A). The proportion of macrophages were

comparable among four groups (Fig. 5B). Treatment with ADNPs

Figure 4 Characterization of ADNPs isolated from fresh Astragalus membranaceus. (A) Nanoparticle tracking analysis (NTA) and trans-

mission electron microscopy (TEM) image of ADNPs (scale bar � 200 nm). (B) Purification of fresh Astragalus membranaceus juice using

sucrose density gradient centrifugation. (C) Phagocytic efficiency of ADNPs by 4T1 and EO771 cells. (D) Quantitative flow cytometry analysis of

DiI-labeled ADNPs uptake by various immune cell subsets (n � 3—5 per group). (E) Time-dependent phagocytic efficiency of ADNPs by bone

marrow-derived macrophages (BMDMs) (n � 2—3 per group, ***P < 0.0001). (F) Confocal microscopy images showing uptake of DiI-labeled

ADNPs (2 μg/mL) by 4T1, E0771, and BMDMs after 12 h of incubation (scale bar � 20 μm). Data are presented as mean ± SEM.
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alone or in combination with Cisplatin resulted in a markedly

increase in M1-like TAMs, a decline in M2-like TAMs compared

to Cisplatin and Vehicle groups (Fig. 5C and D), and an elevated

ratio of M1/M2 TAMs in tumor tissues compared to the Cisplatin

and Vehicle groups (Fig. 5E), indicating that ADNPs promote the

increase of M1-TAMs and the reduction of M2-TAMs in 4T1

TNBC murine models.

Next, to investigate whether ADNPs exert their anti-tumour

effects through macrophages, we injected clodronate liposome

(CL) into TNBC tumour mice to eliminate macrophages. Firstly,

we confirmed that the macrophages were effectively eliminated

after CL treatment (Supporting Information Fig. S9A and S9B).

The following research indicates that ADNPs-Cis treatment in

macrophage-lacking mice failed to trigger the inhibitory effects on

tumour growth, suggesting that depletion of macrophages neu-

tralizes the effects of ADNPs-Cis on tumour suppression

(Fig. S9C—S9F). These findings indicated that ADNPs inhibit

tumour growth through a TAM-dependent mechanism.

3.5. ADNPs activate tumor-infiltrating T lymphocytes in the

TME

Macrophages are recognized as important antigen-presenting cells

in TME, which not only activate T lymphocytes but also directly

improve anti-tumor immune activity14. T lymphocytes are one

type of immune cell that directly kill tumor cells in the TME.

Next, we investigated the effects of ADNPs-Cis treatment on the

tumor-infiltrating T cells. The findings revealed that administra-

tion of ADNPs-Cis led to a notable enhancement in the infiltration

of CD3+ T lymphocytes relative to both the Vehicle and Cisplatin

treatment groups (Fig. 5F). Furthermore, our data showed a sig-

nificant elevation of the CD8+ T lymphocytes proportion in the

Figure 5 Analysis of T lymphocyte phenotypes and macrophage subtypes in TME. (A) Proportion of CD45 cells in live cells (n � 6 per

group). (B) Ratio of macrophages to CD45+ T cells (n � 5—6 per group). (C) Proportion of CD86highCD206low macrophages in TAMs (n � 6 per

group). (D) Proportion of CD86lowCD206high macrophages among TAMs (n � 6 per group). (E) Ratio of M1-like to M2-like macrophages (n � 4

per group). (F) Proportion of CD3 lymphocytes in CD45 cells (n � 5 per group). (G) Ratio of CD8+/CD3+ T lymphocytes (n � 5—7 per group).

(H) Ratio of CD8+ to Treg (n � 5—6 per group). (I) Flow cytometry analysis of PD-1+ CD8+ T, (J) PD-1+ CD4+T cells, and (K) TIM3+CD4+T

in the tumor (n � 4—7 per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean ± SEM and analyzed by

one-way ANOVA.

3944 Xuan Han et al.



ADNPs and ADNPs-Cis treatment groups compared with the

cisplatin group (Fig. 5G). As tumor immune escape by promoting

the expansion of Treg in TME can suppress the activation of

CD8+ lymphocytes. Our data demonstrated that the ratio of

CD8+/Treg cells was dramatically elevated in the ADNPs-Cis

group compared to the Cisplatin and Vehicle groups (Fig. 5H),

confirming the efficacy of ADNPs-Cis treatment in reversing the

immunosuppressive environment. The exhausted T lymphocytes

were also been detected, ADNPs-Cis treatment significantly

reduced the expression of PD-1 on the surface of CD8+ T lym-

phocytes (Fig. 5I), and downregulated TIM3 and PD-1 expression

of CD4+ T lymphocytes compared with Cisplatin treatment only

(Fig. 5J and K), which indicated the alleviating of T lymphocytes

exhaustion in TME caused by cisplatin application.

In the following research, we analysed the cytotoxic function

of CD8+ T cells within the tumours. ADNPs markedly increased

the levels of IFN-γ, Granzyme B, and TNF-α in the CD8+ T cells

compared with the Vehicle or Cisplatin group (Fig. 6A—C).

However, the combinatorial treatment did not show an obvious

benefit compared with single treatment. Additionally, ADNPs

enhanced CD8+ T lymphocyte proliferation, as evidenced by a

16% increase in Ki67-expressing CD8+ T lymphocytes compared

to the Cisplatin group (Fig. 6D). Besides, the HE staining showed

ADNPs-Cis treatment significantly enhanced the infiltration of

CD8+ T lymphocytes into the tumour compared to the Vehicle

group (Fig. 6E). ADNPs-Cis and ADNPs treatment resulted in an

elevated proportion of CD4+/IFN-γ+ (Fig. 6F), CD4+/Granzyme

B+ (Fig. 6G), and CD4+/TNF-α+ (Fig. 6H) cells compared to the

Cisplatin group. As an improvement of tumour-related immune

memory cells, indicating the activation of the anti-tumour immune

system, we assessed the effects of ADNPs-Cis on tumour memory

in splenocytes 63 days after tumour decollement. Our data showed

that mice treated with ADNPs-Cis or ADNPs showed higher

proportions of central memory T lymphocytes and effective

memory T lymphocytes in both CD4+ and CD8+ T lymphocytes

compared with the Cisplatin group (Supporting Information

Fig. S10A), suggesting that ADNPs-Cis treatment could trigger

a durable anti-tumour immune memory.

M2 macrophages play the invariable role in modulating

CD8+ T lymphocytes proliferation and activation by creating an

immunosuppressive TME34. To investigate whether ADNPs-

modulated anti-tumour effects of CD8+ T cells were M2

macrophage-dependent, we constructed a co-culture system of

M2-BMDMs and CD3/CD28-stimulated CD8+ T cells (Fig. 6I).

To assess the immunosuppressive effects of M2 macrophages,

we tested the effects of ADNPs treatment on CD8+ T lym-

phocytes proliferation. A markedly increased proliferation rate

of CD8+ T lymphocytes was detected in the group treated with

ADNPs when compared to the non-ADNP-treated group

(Fig. 6J and K).

To better clarify the macrophage immune function regulated by

ADNPs, we performed a series of in vitro assays. Our data showed

that mRNA levels of Il-6, Tnfα, Cxcl9, Inos, Tlr2, and Cd86 were

significantly upregulated in ADNPs-treated BMDMs (Fig. 7A).

However, they reached a peak at 6 h and reduced mRNA levels

later, which is likely due to the transcriptional repression of

inflammation-associated genes.

Besides, the ADNPs treatment also significantly promoted

ROS production in M2-BMDMs (Fig. 7B). And the protein

expression of CD206, the characteristic surface marker of M2

macrophages, was significantly lower in the M0 and M2+ADNPs

groups compared to the M2 group. We further assessed the protein

levels of CD80 and CD86, characteristic markers of M1 macro-

phages, while there was no significant difference in CD80 and

CD86 expression between the M0 and M2 group, ADNPs treat-

ment of the M2 group led to significantly higher CD80 and CD86

expression compared to the M2 group (Fig. 7C). Additionally,

ADNPs enhanced the production of pro-inflammatory cytokines

linked to the M1 phenotype, such as TNF-α, IL-8, and IL-6, while

suppressing the expression of the M2-associated cytokine IL-10

(Fig. 7D). These findings demonstrate that ADNPs effectively

drive the shift from an M2-like to an M1-like BMDMs.

3.6. Formononetin is the active compound of ADNPs to

repolarize M1-like macrophages by the TLR2 signalling pathway

To investigate the mechanisms driving ADNPs-mediated polari-

zation of M2-like macrophages, RNA-seq analysis was conducted

on M2-BMDMs exposed to ADNPs. KEGG pathway enrichment

analysis revealed a significant activation of the TLR signalling

pathway in the ADNPs-treated group (Fig. 8A). The volcano plot

analysis and differential gene analysis of TLR-related gene

expression revealed a significant upregulation of TLR2 in ADNPs-

treated M2-BMDMs (Fig. 8B and C). Consistently, the results also

indicated the significant increases in the expression of proteins

involved in the TLR2 pathway, including p-IKKß, p-P65, p-P50,

IκBα, and TLR2 in ADNPs-treated M2-like BMDMs (Fig. 8D and

Fig. S10B). Then, we found co-localization of DiI-ADNPs with

TLR2 in immunofluorescence with around 0.87 Pearson’s r in

TLR2 and DiI-ADNPs fluorescent space counting (Fig. 8E).

Together, our data confirmed that ADNPs bind to TLR2 and

activate downstream of the TLR2 signalling pathway in M2-

BMDMs.

To further verify whether the immunomodulatory effect of

ADNPs is regulated through the TLR2 pathway, we performed a

pharmacodynamic study in vivo by using the py8119 murine

breast cancer model in TLR2 knockout (TLR2− /− ) mice (Sup-

porting Information Fig. S11A). The tumor restriction of ADNPs

in the PY8119 murine model showed a better effect in WT mice

than in TLR2− /− . Besides, the TLR2− /− + ADNPs group

significantly reduced tumor weight compared to that of the

TLR2− /− group (Fig. S11B—S11D). ADNPs had a minimal effect

on murine body weight in TLR2− /− mice (Fig. S11E). Although

ADNPs decreased the tumour volume in TLR2− /− mice, it was

less bulky in WT mice. Besides, the volume of spleen in TLR2− /−

mice showed a larger size compared to the WT mice, although

both groups exhibited a significant reduction in spleen size

following ADNPs treatment (Fig. S11F). And the immunofluo-

rescent analysis indicated that ADNPs were phagocytosed by

BMDMs through TLR2 (Fig. S11G).

As the non-targeted mass spectrum analysis showed, ADNPs

contain key pharmacologically active components, including for-

mononetin and ononin. Then, we elucidated the polarization ca-

pacity of both active compounds on M2-BMDMs. The results

showed that formononetin, but not ononin, effectively promoted

the polarization of M1-BMDMs (Fig. 8F, Supporting Information

Fig. S12A and S12B). These results demonstrate that for-

mononetin could be the active compound in activating M2-like

BMDMs in ADNPs, as formononetin has been found to have

great ability in tumour reduction in previous research35. We per-

formed an animal assay with three different treatments: (a) the

same concentration of formononetin in ADNPs (F-low), (b)

ADNPs, or (c) a concentration of formononetin in other murine

tumour research (F-high) (Supporting Information Fig. S13A).
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The results showed that 1 μg/kg formononetin is unable to restrain

the tumour like ADNPs or 10 mg/kg formononetin in the 4T1

murine model (Fig. S13A—S13E).

The molecular docking analysis showed that a hydrophobic

bond was provided by Leu350 and Thr335. Besides, the Ile314,

Ile319, Leu331, Val348, Val351, Pro352 formed π—Alkyl inter-

actively. The mean binding energies of docking (− 8 kcal/mol) in

formononetin uncovered that it has a strong binding ability to

human TLR2 (Fig. 8G). Furthermore, the hydrophobic surface

mapping revealed that TLR2 interacts within the hydrophobic

pocket of formononetin, indicating its role as a hydrophobic

ligand (Supporting Information Fig. S14A). Molecular dynamics

simulations further confirmed that the TLR2-formononetin com-

plex achieved a stable conformation after 20 ns (Fig. S14B).

To further elucidate the interaction between formononetin and

TLR2-mediated biological activity, a pull-down assay was

employed (Fig. 8H and I), and the results of MS analysis identified

TLR2 as a potential direct binding partner of formononetin

(Fig. 8J and K). The interaction of TLR2 and formononetin was

validated by using an immunofluorescent confocal microscope

(Fig. 8L).

4. Discussion

Platinum-based drugs are widely used in chemotherapeutic agents

given their proven efficacy against various malignancies,

including TNBC36. Although platinum-based drugs have been

Figure 6 Analysis of T lymphocyte-related cytotoxic functions in the TME of 4T1 triple-negative breast cancer (TNBC) bearing mice treated

with Vehicle, ADNPs, Cisplatin, or ADNPs-Cis. Proportion of (A) IFN-γ+CD8+, (B) Granzyme B+CD8+, (C) TNF-α+CD8+ (n � 4—5 for each

group). (D) Ki67+CD8+ (n � 5—6 for each group) in CD8+ T Cells. (E) HE staining analysis of CD8 expression in the tumor and IOD analysis

(n � 3, Scale bar � 50 μm). (F) IFN-γ+CD4+ (n � 4—5 for each group). (G) Granzyme B+CD4+ (n � 5 for each group). (H) TNF-α+CD4+

(n � 5—6 for each group) among CD4+ T cells. (I) Schematic representation of the co-culture system for macrophages and CD8+ T lymphocytes.

(J) ADNPs treated M2-like BMDMs reversed the proliferation of CD8+ T cells and (K) the statistics. (n � 4 per group). *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001. Data are presented as mean ± SEM and analyzed by one-way ANOVA.
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demonstrated to extend DFS, their function in improving the

recurrence, metastasis rate, and overall survival rate in TNBC has

been argued37,38. Additionally, platinum-based chemotherapy is

often associated with systemic toxicities such as myelosup-

pression, peripheral blood toxicity, and chemotherapy-induced

cognitive impairment37,39, significantly hindering treatment

progress due to the intolerable side effects. Therefore, improving

efficacy while reducing the adverse effects of platinum-based

chemotherapy is a key challenge for TNBC treatment.

Currently, the role of neoadjuvant therapy has been widely

investigated, underscoring its significance in reducing metastatic

foci and promoting the likelihood of surgery in patients with

advanced cancer. However, given the low efficacy of neoadjuvant

therapy reported in early clinical trials, with a lack of well-

established standards for treatment11, it is urgent to develop

combination therapies involving platinum drugs to enhance the

effectiveness and safety of neoadjuvant treatment.

Our findings indicate that the TME of post-chemotherapy in

TNBC is characterized by M2-TAMhigh CD8+ Tlow, a phenotype

associated with poor long-term survival prognosis. Therefore,

implementing a neoadjuvant chemotherapy strategy that repro-

grams the TME by promoting M1 polarization of TAMs while

enhancing CD8+ T cell infiltration could significantly ameliorate

the clinical outcomes of chemotherapy-based TNBC patients.

PDNPs are highly stable and bioavailable drug delivery sys-

tems and have recently been devoted to cancer research, attributed

Figure 7 ADNPs reprogram M2-like macrophages into an M1-like phenotype. (A) RT-PCR analysis of IL-6, tnfα, cxcl9, inos, tlr2, and cd86

mRNA expression in M2-like macrophages treated with ADNPs for 6 and 12 h in vitro (n � 3 per group). (B) ROS level in supernatants of

BMDMs was detected by FACS in vitro. (C) Mean fluorescence intensity analysis of CD206, CD80, and CD86 of BMDMs in vitro (n � 3 per

group). (D) Concentration of TNF-α, IL-6, IL-10, and IL-8 in the supernatant of BMDMs treated with ADNPs in vitro (n � 3—6 per group).

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data are presented as mean ± SEM and analyzed by one-way ANOVA or t test.
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Figure 8 Active ingredient of ADNPs reprograms TAMs via the TLR2 pathway. (A) KEGG pathway analysis highlighting upregulated

signaling pathways. (B) Heatmap of TLR-related pathway gene expression in bone marrow-derived macrophages (BMDMs). (C) Volcano plot

analysis of differentially expressed genes in M2-like BMDMs treated with or without ADNPs. (D) Flow cytometry analysis of TLR2, phos-

phorylated IKKß (p-IKKß), phosphorylated p50 (p-P50), IκBα, and phosphorylated p65 (p-P65) protein expression. (E) Representative confocal
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to their high efficiency and low toxicity40. The bioactivity of

PDNPs varies depending on their plant source, thus providing a

broad scope and potential for personalized therapies.

Recent studies have found that Astragalus plays a role in

improving immune suppression by activating M1 macrophages

and CD8+ T cells in the TME in lung cancer27,41. In our study, we

showed that ADNPs, extracted from Astragalus, were exosome-

like nanovesicles with similar lipid components compared with

other PDNPs and can be efficiently taken up by macrophages via

macropinocytosis. Many experiments in this research demon-

strated that ADNPs significantly reduced the expression of the

M2-like subtype and increased the M1-like subtype percentage

without changing the macrophage amount. Additionally, our ex-

periments confirmed that ADNP-treated M2 macrophages directly

enhanced the proliferation of CD8+ T lymphocytes in vitro, which

indicates thoroughly reversing the inhibitory TME after chemo-

therapy in TNBC.

In this study, using the combination neoadjuvant therapy

regimen of ADNPs and Cisplatin, we are the first to show that

ADNPs-Cis therapy significantly inhibits the tumour growth and

progression in three different TNBC preclinical murine models.

Furthermore, our study confirmed that ADNPs-Cis therapy

effectively modulated macrophage polarization and enhanced the

therapeutic effect of Cisplatin. The anti-tumour efficacy of the

ADNPs-Cis therapy in TNBC lacking macrophages was markedly

reduced, indicating that macrophages play a pivotal role in the

ADNPs-Cis-mediated treatment. Both tail vein injection and

intraperitoneal injection are well-established in vivo administra-

tion methods commonly used in basic research. In the current

study, intraperitoneal injection was selected based on the hy-

pothesis that the abundance of macrophages in the peritoneal

cavity may enhance drug absorption.

We also observed that ADNPs significantly promoted the

infiltration and proliferation of CD8+ T lymphocytes in the

tumour, accompanied by the increased secretion of multiple

cytotoxic inflammatory factors like IFN-γ, Granzyme B, and

TNF-α compared with the Cis group. Besides, ADNPs and

ADNPs-Cis groups significantly promoted the multiple cytotoxic

inflammatory factors in CD4+ T cells compared with the Cis

group. These data indicated that the ADNPs and ADNP-CIS

appear to boost macrophage antigen presentation, leading to

enhanced T cell activity, aligning with the CFSE proliferation

assay results (Fig. 6J).

Besides, ADNPs are phagocytosed into macrophages at the 6-h

time point and activate the TLR2 signaling pathway, which in-

duces cytokine secretion. As ADNPs depend on macropinocytosis

to be phagocytosed into macrophages, and the stimulated cells

exhibit initial gene expression fluctuations, following regulatory

networks enforce decay kinetics to limit prolonged deviations1.

Conversely, control populations sustain higher steady-state

expression, with compensatory repression mechanisms likely

constraining maximal transcriptional output. Cells employ nega-

tive feedback loops to restore transcriptional homeostasis post-

stimulation2. Thus, the gene expression change of Toll-like

signaling decreases in 12 h compared with the 6 h point

expression.

Compared to cisplatin monotherapy, the ADNPs-Cis treatment

significantly inhibited the expression of co-inhibitory molecules in

T lymphocytes in the tumour, further demonstrating that ADNPs-

Cis could reverse the immunosuppressive TME and reactive

adaptive immune system to defend against tumour progression.

Thus, reversing the inhibitory tumour immune condition is the key

breakthrough for ADNPs-Cis combined with traditional

chemotherapy.

The metastasis can result in high mortality rates among TNBC

patients. The activation of anti-tumour immune response along

with powerful tumour immune memory is a necessary condition to

combat tumour recurrence and tumour metastasis42. We found that

ADNPs-Cis significantly triggered more durable anti-tumour im-

mune memory, effectively inhibiting tumour metastasis in both the

lung and liver in the TNBC murine model. As liver metastasis and

lung metastasis are both important tumour progression in TNBC

clinical treatment, the ADNPs-Cis treatment group showed min-

imal metastasis compared with Cisplatin alone, which brings a

promising combination treatment scheme.

The toxicity of platinum-based therapy severely reduces the

quality of life and adherence for TNBC patients. For example,

myelosuppression is one of the main side effects of traditional

chemotherapy, resulting in a reduction in red blood cell and

platelet counts. Although the aforementioned PDNPs all exhibited

great safety in vivo, the improvement of haematological toxicity

induced by chemotherapy was not reported before. Previous

studies have shown that Astragalus can effectively mitigate

myelosuppression and promote haematopoiesis43. Our experi-

mental results revealed that compared with the Cisplatin treatment

group, ADNPs and ADNPs-Cis therapy significantly alleviated the

myelosuppression caused by Cisplatin. Recently, a new targeted

therapy, Sacituzumab Govitecan, has been applied in a metastatic

TNBC II/III clinical trial. However, 85% patients suffered side

effects like myelosuppression, anaemia, diarrhea, etc., and these

impede the future clinical research44. The haematological toxic-

ities have severely hindered the cancer treatment, neither

chemotherapy nor genetically engineered CAR-T therapy45.

Numerous PDNPs have been reported with great anti-tumor effi-

ciency, such as ginseng, tea leaves, tea flower (TFEN)46, grape-

fruit, and melon, etc47. Researchers have found that the miRNA,

protein, and lipid all play important roles in the biofunction of

PDNPs, and the lipids have attracted much attention recently48.

Results of our team showed that both GDNPs and ADNPs could

inhibit TNBC by targeting and polarizing TAMs. Notably, the

ADNPs showed enhanced efficiency compared with previously

reported GDNPs in the 4T1 murine breast cancer model. The

ADNP is a TLR2-specific agonist, while GDNP was reported as a

natural TLR4 agonist (Supporting Information Fig. S15). We

hypothesized that the difference in lipid composition may affect

the biofunction of PDNPs, especially targeting the immune

microscopy images showing co-localization of TLR2 and DiI-labeled ADNPs in BMDMs. Fluorescence co-localization and Pearson correlation

coefficient analysis were performed. (F) Flow cytometry analysis of M2-like BMDMs polarization following formononetin treatment. (G)

Molecular docking of formononetin with TLR2. (H) Structure of biotin-linked formononetin. (I) Proteins identified in pull-down and mass

spectrometry (MS) assays using formononetin-biotin. (J) Selected proteins identified by MS that interact with formononetin-biotin. (K) MS

identification of TLR2 protein. *P < 0.05, ***P < 0.001. (n � 3 per group). (L) Representative confocal microscopy images showing co-

localization of formononetin and TLR2 in BMDMs. Fluorescence co-localization and Pearson correlation coefficient analyses were per-

formed. Scale bar � 100 μm. Data are presented as mean ± SEM and analyzed by one-way ANOVA or t test.
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cells49—51. Briefly, GDNPs were reported with a high amount of

digalactosyl monoacylglycerol (DGMG, 59.4%), phosphatidyl

ethanolamine (PE, 16.8%), and ceramide (Cer, 13.8%). The top

three lipids in ADNPs are sphingolipid (SPH, 92.9%), ceramides

(Cer, 4.2%), and triglyceride (TG, 0.6%). Notably, the GDNPs

showed much higher amounts of Cer compared with those in

ADNPs (Cer in GDNPs vs ADNPs: 13.8% vs 4.2%). The C6-Cer

has been reported as a powerful liver tumor suppressor by acti-

vating TLR4 in TAMs52. In comparison, the formononetin was

featured as the main ingredient in ADNPs for activation of TLR2

in TAMs. Besides, the lipids’ composition was reported with an

adjustable capacity of drug transmembrane transportation, which

is consistent with previous reports24. We found that the level of

SPH in ADNPs is similar to that of the general cell membrane,

which is important in the adjustment of lipid raft construction.

Since TFEN was reported to have direct destruction of tumors

rather than modulation of TAMs. The lipidomic results revealed

that phosphatidylcholine (PC, ∼26.6%), triglyceride (TG,

∼23.4%), and phosphatidyl-ethanolamine (PE, ∼15.2%) were

the major lipid compositions of TFENs. Apart from the similar

PE levels in GDNPs and TFENs, remarkable Cer was not re-

ported in TFEN. Although TFEN is rich in polyphenols and

flavonoids, compounds that have been identified as direct anti-

tumor agents46, the precise chemical entities have yet to be

fully elucidated.

To further understand the mechanisms of ADNPs in macrophage

polarization, we conducted RNA-seq analysis on M2-BMDMs

treated with ADNPs. The results showed that ADNPs mimic the

simple feature of plant immune defence and could specifically

activate TLR. Compared with other TLR mRNA expression, TLR2

showed higher distinction in macrophage RNA-sequence analysis,

which indicates ADNPs are the preferred agonist of TLR2 for

targeting macrophages. Numerous studies have demonstrated that

TLR2 agonists showed great capability in tumour inhibition, anti-

influenza virus infection, and improving organ development53.

Thus, developing TLR2 agonists with a great dosage form and drug

design may promote clinical application progression in the future.

Multiple TLR agonists have been reported, including LPS, MPLA,

Pam3CSK4, and Poly(I:C). For LPS, the type of microbes it derives

from can affect its specificity54. Also, research showed that the

established TLR agonists exerted high toxicity21. Possibly due to

the consequence of the nonspecific activation of cell receptors and

the unwanted expression of cytokine storm55,56. Unlike previously

reported TLR2 agonists, the acGM1.8, which often relies on

complex synthesis, ADNPs are edible with simple preparation

methodology, but continually engage in the plant host defense

process, thus exhibiting remarkable effects of TLR2 agonist without

sacrificing bio-compatibility and security (for example, haemato-

logical toxicity) in vivo21.

Given the multiple components present in ADNPs, it is critical

to explore the active compound responsible for its effect on

macrophages. Through testing the macrophage polarization ca-

pabilities of the major components in ADNPs, we discovered that

formononetin is the primary active compound in macrophage

polarization. Formononetin, a lipophilic phytoestrogen, has been

demonstrated in multiple studies to exhibit potent anti-tumor ac-

tivity across various tumour models35. Due to its crystalline form,

poor water solubility, and lipid solubility, formononetin is limited

in the fields of medicine and the food field57. Our findings

demonstrate that ADNPs can be applied as a natural carrier for

formononetin at low concentration, which triggers anti-tumour

immune responses. This study is the first to reveal the activation

effects of formononetin on macrophages. Furthermore, using pull-

down and mass spectrum techniques, we analysed the binding site

of formononetin in the macrophage and conducted preliminary

validation through molecular docking and confocal immunofluo-

rescence. As formononetin is characterized by low water solubi-

lity, it is preferred to be assembled near the membrane of ADNPs.

When ADNPs move close to the macrophage, the formononetin

on the membrane combines with TLR2. When the cytoskeleton

changed, the membrane of the macrophage stretched out, and the

micropinocytosis could engulf the ADNPs into the macrophage.

With the formononetin-related transmembrane material conduc-

tion, the signal transduction begins even with minimal ATP con-

sumption (Supporting Information Fig. S16). After that, the

membrane disturbance enhances the communication of for-

mononetin inside ADNPs with more TLR2 protein on macro-

phages. Although the high dose formononetin could suppress the

4T1 tumour without obvious difference compared with the

ADNPs treatment, the low water solubility limited the clinical

application. Further analysis using mass spectrometry and

macrophage polarization in vitro assays confirmed that the mini-

mal concentration of formononetin in macrophage polarization is

50 times higher than the concentration of formononetin in ADNPs

under which M2-like macrophages polarized, indicating the

importance of the nano construction of ADNPs, rather than for-

mononetin alone. Further research should focus on the anti-tumor

activity of ADNPs combined with different chemotherapy-based

drugs and related clinical studies. The mechanism of ADNPs

composition in reversing the haematological toxicities caused by

chemotherapy still needs to be investigated in the future. More

clearly, the pharmacological function of ADNPs in vivo, espe-

cially the mechanism of reversing myelosuppression, is indis-

pensable to be uncovered. Furthermore, the therapeutic efficacy

and pharmacological mechanisms of ADNPs administered via oral

delivery and tail vein injection for various diseases will be

explored in future studies.

5. Conclusions

In this study, we purified ADNPs that showed a great phenotype to

polarize TAMs and restore the anti-tumor immune system.

Moreover, ADNPs, as the ideal TLR2 agonist with low toxicity

and high specificity, could better enhance the chemotherapy

treatment in the 4T1 TNBC murine model. The proposed ADNPs-

Cis regimenis a novel neoadjuvant therapy with high therapeutic

efficacy and low myelosuppression. These follow-up studies will

help validate the clinical potential of ADNPs, providing additional

scientific evidence and therapeutic options for TNBC treatment.

The combined treatment of ADNPs and Cisplatin successfully

provides a new avenue for highly efficient neoadjuvant

immunochemotherapy.
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