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Abstract  Triple-negative breast cancer (TNBC) 
poses as a daunting and intricate manifestation of 
breast cancer, highlighted by few treatment options 
and a poor outlook. The crucial element in fostering 
tumor growth and immune resistance is the polariza-
tion of tumor-associated macrophages (TAMs) into 
the M2 state within the tumor microenvironment 

(TME). To address this, we developed M2 targeting 
peptide-chitosan-curcumin nanoparticles (M2pep-
Cs-Cur NPs), a targeted delivery system utilizing 
chitosan (Cs) as a carrier, curcumin (Cur) as a thera-
peutic agent, and targeting peptides for specificity. 
These NPs effectively inhibited TNBC cell prolifera-
tion (~ 70%) and invasion (~ 70%), while increasing 
the responsiveness of tumors to anti-PD-L1 treatment 
(~ 50% survival enhancement) in  vitro and in  vivo. 
Bioinformatics analysis suggested that Cur modulates 
TAM polarization by influencing key genes such as 
COX-2, offering insights into its underlying mecha-
nisms. This study highlights the potential of M2pep-
Cs-Cur NPs to reverse M2 polarization in TAMs, 
providing a promising targeted therapeutic strategy 
to overcome immunotherapy resistance and improve 
TNBC outcomes.

Keywords  Triple-negative breast cancer · Tumor-
associated macrophages · Curcumin · Nanoparticles · 
COX-2 · Reprogramming · Immunotherapy resistance

Introduction

The classification of triple-negative breast cancer 
(TNBC) is based on the lack of estrogen receptor 
(ER), progesterone receptor (PR), and human epi-
dermal growth factor receptor 2 (HER2) expression 
in breast cancer cases (Derakhshan and Reis-Filho 
2022; Hong and Xu 2022; Luo et  al. 2022). Due to 
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the absence of these receptors, TNBC is not respon-
sive to conventional hormone therapy and HER2-tar-
geted therapy, leading to relatively limited treatment 
options (Derakhshan and Reis-Filho 2022; Yang et al. 
2023; Li et  al. 2022a, b, c, d). TNBC is associated 
with poor clinical outcomes, marked by its aggres-
sive nature and a high propensity for recurrence and 
metastasis, particularly within the first 3–5 years after 
diagnosis (Yu et  al. 2021). According to the Global 
Cancer Observatory, the year 2024 witnessed the 
diagnosis of more than 2.3 million instances of breast 
cancer globally, with TNBC accounting for approxi-
mately 10–20% of cases and exhibiting the highest 
mortality rate among all subtypes. Given the aggres-
sive behavior and poor prognosis of TNBC, novel 
strategies must be formulated urgently to enhance 
patient survival rates (Karim et al. 2023; Dass et al. 
2021, Popovic et al. 2023).

The involvement of tumor-associated mac-
rophages (TAMs) is notable in the TNBC tumor 
microenvironment (TME) (Pal et al. 2021; Li et al. 
2022a, b, c, d; Wang et al. 2021a, b, c). In TNBC, 
TAMs predominantly exhibit an M2-polarized phe-
notype, induced by the unique TME, such as the 
secretion and accumulation of IL-4, hypoxia, and 
other factors. These processes drive M2 polari-
zation via transcriptional reprogramming, signal 
transduction, and metabolic alterations (He et  al. 
2021). Secretion of cytokines like IL-10 and TGF-β 
by M2 macrophages (MΦ) is key in mediating 
anti-inflammatory responses and Th2-associated 
immune reactions, assisting tumor cells in immune 
evasion, boosting angiogenesis, and accelerating 
tumor growth and metastasis. In TNBC, TAMs pre-
dominantly exhibit an M2-polarized state, where 
these MΦ promote tumor cell growth, invasion, and 
resistance to various treatment modalities (Liu et al. 
2024; Huo et al. 2022).

Previous studies found that chitosan (Cs) can 
regulate inflammatory responses in M2 MΦ (Vas-
concelos et al. 2015) and promote M2 MΦ differen-
tiation by modulating CAV1 (Gao et  al. 2023). Cs 
nanoparticles (NPs) have been widely used as drug 
delivery carriers in MΦ (Jiang et  al. 2017), ena-
bling various drugs to modulate M2 polarization for 
disease treatment (Jiang et  al. 2017; Kazimierczak 
et  al. 2021). Moreover, curcumin (Cur), extracted 
from turmeric (Wang et  al. 2023a, b), can reverse 
M2 polarization in TAMs, inhibit tumor growth 

and metastasis, and overcome immunoresistance by 
modulating TAM function (Li et al. 2023; Mukher-
jee et  al. 2020). Previous studies have also shown 
that Cur affects multiple cellular signaling path-
ways, influencing TAM behavior and M2 polariza-
tion (Gao et al. 2015, Huang et al. 2024). However, 
these methods have shown limited efficacy in tar-
geting the TME specifically and reliably in vivo.

Academic literature suggests that encouraging the 
alteration of TAMs from M2 phenotype to M1 phe-
notype can effectively impede tumor growth and inva-
sion (Fernando et  al. 2023). Through the secretion 
of pro-inflammatory cytokines like IL-12 and TNF-
α, M1 MΦ showcases effective antitumor activity, 
enabling the immune system to identify and remove 
cancer cells (Ren et al. 2024). The presence of TAMs 
in the microenvironment of tumors is crucial for 
enhancing tumor growth and metastasis and inhibit 
immune responses through activation and polariza-
tion toward the M2 phenotype, facilitating immune 
evasion and drug resistance, especially resistance to 
immune checkpoint inhibitors like PD-L1 inhibi-
tors. This makes TAMs a potential therapeutic tar-
get (Li et al. 2022a, b, c, d; Tkach et al. 2022; Barkal 
et  al. 2019; Wang et  al. 2023a, b). Although PD-L1 
inhibitors have provided significant survival benefits 
in TNBC treatment (Cortes et al. 2022; Zhang et al. 
2022a, b), the emergence of resistance to PD-L1 
blockade over time has become a major obstacle to 
the sustained efficacy of immunotherapy (Vranic 
et  al. 2021). Thus, exploring and developing strate-
gies to promote TAMs’ reprogramming from the M2 
to the M1 phenotype has become a focus in TNBC 
treatment research (Bill et al. 2023; Hao et al. 2022; 
Wang et al. 2022a, b, c).

Cs, a natural polysaccharide, exhibits excellent 
biocompatibility, biodegradability, and unique cati-
onic properties, making it highly advantageous for 
drug delivery. Similar to decorated nanostructured 
lipid carriers designed for active targeting, Cs can 
be chemically modified to enhance delivery effi-
ciency and specificity for multiple anti-cancer agents 
(Mahoutforoush et  al. 2021). It interacts with nega-
tively charged biomolecules or cell membranes, facil-
itating targeted drug delivery, and its surface can be 
chemically modified, such as grafting targeting pep-
tides or loading hydrophobic drugs, to enhance deliv-
ery efficiency and specificity. Among various poten-
tial carriers, Cs was chosen for its low toxicity, high 
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stability, and pH-responsive release in acidic TME 
(Jiang et al. 2017; Kazimierczak et al. 2021). Studies 
have shown that Cs can promote M2 MΦ differentia-
tion by regulating CAV1 and participate in modulat-
ing inflammatory responses (Vasconcelos et al. 2015, 
Gao et  al. 2023) Furthermore, Cur, a bioactive con-
stituent sourced from turmeric, has demonstrated the 
capacity to modulate the function of TAMs, reverse 
M2 polarization, and inhibit tumor growth, metasta-
sis, and immune resistance (Wang et al. 2023a, b; Li 
et al. 2023; Mukherjee et al. 2020).

Cur also regulates multiple cellular signal-
ing pathways, thereby influencing TAM behavior 
(Gao et  al. 2015, Huang et  al. 2024). However, 
these methods have primarily shown efficacy 
in vitro or in certain in vivo disease models, while 
studies on targeting specificity and therapeutic 
efficacy in the TME remain insufficient. Ensur-
ing the secure and accurate management of TAM 
behavior in vivo presents a considerable obstacle 
in research pursuits (Datta and Bangi 2023, Wang 
et al. 2021a, b, c).

Nanotechnology holds great potential in this 
regard, as it significantly enhances drug targeting 
and therapeutic efficacy (Asadollahi et  al. 2022; 
Moradpoor et al. 2021; Husain et al. 2023). Recent 
studies have demonstrated that methotrexate-func-
tionalized PEGylated nanostructured lipid carriers 
can achieve targeted delivery of anticancer mol-
ecules such as pennyroyal, effectively inhibiting 
breast cancer cell growth by activating multiple 
apoptosis pathways. These findings further validate 
the significant potential of functionalized nanocarri-
ers in targeted drug delivery and therapeutic strat-
egy optimization (Mahoutforoush et al. 2023). NPs, 
with their unique size and surface properties, can 
efficiently penetrate biological barriers and deliver 
drugs directly to the TME (Darvishi et  al. 2024; 
Deng et  al. 2022). In this study, we utilized Cs as 
a nanocarrier combined with targeting peptides to 
specifically deliver Cur to M2 TAMs. This approach 
aims to enhance drug delivery efficiency through 
nanotechnology, achieve precise regulation of TAMs 
within the TME, and improve the therapeutic out-
comes for TNBC.

This research aims to shift TAMs from M2 to M1 
polarization by developing M2 targeting peptide-chi-
tosan-curcumin nanoparticles (M2pep-Cs-Cur NPs), 
thereby inhibiting the growth and invasion of TNBC 

and enhancing the tumor’s sensitivity to immuno-
therapy. Through detailed bioinformatics analysis and 
molecular docking experiments, we identified COX-2 
as a key gene regulated by Cur in TAM polarization 
and demonstrated its potential to modulate TAM polari-
zation by affecting the TNF and IL-17 pathways. Fur-
thermore, in combination with anti-PD-L1 therapy, 
our strategy holds promise for significantly improv-
ing TNBC treatment outcomes, offering more effec-
tive treatment options for patients. This study not only 
highlights the application prospects of nanotechnology 
in cancer therapy but also provides new theoretical 
foundations and experimental data for future clinical 
strategies.

Materials and methods

Main materials

Cs (1105508, Sigma-Aldrich), EDTA·2Na (324503, 
Sigma-Aldrich), acetone (650501, Sigma-Aldrich), 
glutaraldehyde (8.20603, Sigma-Aldrich), dialy-
sis membrane (MWCO 14  kDa, FDM514m Beyo-
time), Cur (2  mg, 08511, Sigma-Aldrich), FBS 
(10099, Gibco), RPMI 1640 medium (11875101, 
Gibco), DMEM/F-12 medium (21041025, Gibco), 
PMA (16561–29-8, Sigma-Aldrich), IL-4 (20  ng/
mL, 200–04, PeproTech), IL-13 (20 ng/mL, 200–13, 
PeproTech), 0.5% Triton X-100 (P0096, Beyotime), 
anti-CD86 rabbit monoclonal antibody (ab239075, 
1:100, Abcam, UK), anti-CD163 mouse mono-
clonal antibody (ab156769, 1:100, Abcam, UK), 
Alexa Fluor 488/594-conjugated secondary anti-
bodies (ab150077/ab150116, 1:200, Abcam, UK), 
DAPI (10  μg/mL, D3571, Thermo Fisher, USA), 
polybrene (TR-1003, Merck), puromycin (540222, 
Sigma-Aldrich), RIPA lysis buffer (P0013B, Beyo-
time, China), BCA protein assay kit (P0011, Beyo-
time, China), HRP-conjugated goat anti-rabbit IgG 
(ab6721, 1:2000, Abcam), EdU (C0071S, Beyo-
time), 0.4% crystal violet (C0121, Beyotime), anti-
PD-L1 antibody (BE0101, Bio X Cell), isotype con-
trol antibody (BE0090, Bio X Cell), anti-Ki67 rabbit 
antibody (ab16667, 1:200, Abcam), anti-PCNA rab-
bit antibody (ab92552, 1:500, Abcam), RBC Lysis 
Solution (158904, Qiagen), anti-CD80-PE (553769, 
BD Biosciences), anti-CD86-APC (561964, BD 
Biosciences), anti-CD206-FITC (141703, BioLeg-
end), anti-CD163-APC (155305, BioLegend).
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Preparation and characterization of TAMs 
M2pep‑Cs‑Cur NPs

Synthesis of M2pep‑Cs NPs

The synthesis procedure of Cs NPs entailed the grad-
ual introduction of 3  mL acetone (650501, Sigma-
Aldrich) into 2 mL Cs solution (5 mg/mL, 1105508, 
Sigma-Aldrich) with the incorporation of 1.25  mg 
EDTA·2Na (324503, Sigma-Aldrich) over a period of 
5 min under magnetic stirring at 25 °C and 300 rpm, 
resulting in a milky-white non-crosslinked NP sus-
pension. Subsequently, 20 μL of glutaraldehyde (25% 
solution in water, 8.20603, Sigma-Aldrich) was added 
for crosslinking at pH 6.5 for 4 h. The NPs were then 
purified by dialysis (MWCO 14  kDa, FDM514m, 
Beyotime) in distilled water for 48 h. The M2pep pep-
tide (sequence: YEQDPWGVKWWY, 10.27517/d.
cnki.gzkju.2021.000532), labeled with Cy5, was syn-
thesized and conjugated to the Cs NPs. To achieve 
this, 0.5  mg of M2pep (0.27  mmol/L) was included 
in 1.0 mL of 1.0 mg/mL Cs NPs (< 0.07 mmol/L) and 
stirred at 200 rpm at room temperature (RT) for 16 h. 
The NPs, post-centrifugation at a speed of 10,000 
rounds per minute for 15 min, were rinsed and rehy-
drated in deionized water, with the repetitive nature of 
this rinsing process being threefold. The conjugation 
efficiency was determined using UV–visible spectros-
copy at 280 nm, with an efficiency of approximately 
85% (Pang et al. 2019).

Loading of Cur and efficiency calculation

The loading of Cur was carried out using the follow-
ing steps. 200 μL of a Cur solution (4  mg) (08511, 
Sigma Aldrich) was added to separate 1 mL suspen-
sions of M2pep-Cs NPs (10 mg, prepared in a Cs solu-
tion dissolved in 1% acetic acid and modified to pH 
5.0 with 0.1  M NaOH). Sodium triphosphate (TPP, 
1 mg/mL, pH 5) was introduced, and the solution was 
gently mixed in a dimly lit environment at RT for a 
duration of 12  h. Subsequently, the mixture experi-
enced centrifugal forces at a rate of 10,000 rounds 
per minute for 10 min to eliminate any Cur that had 
not been taken up, following which the residue was 
dispersed in 2 ml of deionized water to generate Cur-
loaded NPs, named as M2pep-Cs-Cur NPs. Assess-
ment of the free Cur concentration in the supernatant 
was executed at 425  nm with the aid of a UV–Vis 

spectrophotometer (UV-1900, Shimadzu). By apply-
ing specific mathematical expressions, the drug 
loading efficiency (DLE) and drug loading capacity 
(DLC) were quantified: DLC (%) = (weight of load-
ing)/(weight of NPs + Mass of NPs) × 100%; DLE 
(%) = (weight of loading)/(Total drug added) × 100%. 
Measurement of free Cur concentration in the super-
natant was carried out via UV–Vis spectroscopy at 
425  nm. Under equivalent experimental setups, the 
calibration chart for Cur was constructed, with inter-
ference from degradation products and environmental 
factors evaluated and accounted for. The trials were 
triplicated for each data point. Results are expressed 
as mean ± standard deviation (SD), and statistical 
significance was assessed through paired or unpaired 
t-tests for normally distributed data, with P < 0.05 
indicating statistical significance (Zhou et al. 2014).

Particle size and charge analysis

Through the utilization of dynamic light scattering 
(DLS) with a Nano-ZS90 apparatus (Malvern, UK) 
featuring a 633  nm He–Ne laser, the dimensions, 
polydispersity index (PDI), and zeta potential on the 
surface of Cs NPs and M2pep-Cs NPs were assessed. 
The evaluations were completed under constant con-
ditions at 25 degrees Celsius, repeated thrice (Zhou 
et al. 2014, Khan et al. 2016).

Stability of NPs

Studying the physiological endurance of NPs, they 
were dissolved in water, saline, PBS, and RPMI 1640, 
and then cultured for a day. Furthermore, suspension 
of M2pep-Cs NPs occurred in solutions with differ-
ent pH levels (4.5, 5.5, 6.5, 7.5, and 8.5). Post a 24-h 
incubation duration, the dimensions, dispersion, and 
radiance intensity of NPs were analyzed utilizing 
DLS. Direct observation indicated the morphology of 
the NPs using a Hitachi H7650 transmission electron 
microscope (Hitachi, Japan). Measurements were per-
formed in triplicate (Zhou et al. 2014).

Transmission electron microscopy (TEM) analysis

TEM (Hitachi H7650, Japan) was employed to 
analyze the morphology of the NPs. Specimens 
of M2pep-Cs NPs were placed onto copper grids 
coated with carbon, dried in the air, and subjected to 
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negative staining with a 1% w/v uranyl acetate solu-
tion for a duration of 15 min. Once dried, the samples 
underwent examination utilizing an accelerating volt-
age of 120  kV. Captured TEM pictures were scruti-
nized and interpreted with the Soft Imaging Viewer 
software for additional investigation. All experiments 
were conducted in triplicate (Zhou et al. 2014, Khan 
et al. 2016).

Cur release and cytotoxicity in Vitro

The Cur release curves of M2pep-Cs NPs were 
assessed in three distinct environments: pH 7.4, pH 
6.5, and pH 5.(adjusted from PBS buffer at pH 7.4 
using HCl). Put simply, 1 mL of Cur NP(10 µg/mL)-
loaded solution with an identified concentration was 
moved into a dialysis sack (MWCO 3.5 kDa), ensur-
ing the NPs (molecular weight > 14  kDa) remained 
inside while Cur (molecular weight ~ 0.37  kDa) dis-
persed and soaked in 5 mL of PBS. Subsequently, all 
extracts were placed in a 50 ml rotor tube and swirled 
leisurely in obscurity at 37 degrees Celsius moving 
at a velocity of 100 rpm. At set time intervals, 5 mL 
of the buffer solution was extracted and substituted 
with fresh 5  mL of PBS. The Cur release quantity 
was detected at 425 nm through UV spectrophotomet-
ric analysis. Each measurement was executed thrice. 
Results are reported as  mean ± SD. Analytical com-
putations involved assessments of normality and uni-
formity of variance, proceeded by unpaired t-tests to 
compare groups.

Cytotoxicity of Cur

THP-1 cellular entities were introduced into a 96-sec-
tion container and managed at a temperature of 37 
degrees Celsius under 5% CO₂ for a period of 24 h. 
Following removal of the original medium, 200 μL of 
new medium with unbound Cur and Cur-loaded NPs 
(at concentrations of 1.5625 to 50 μg/mL) or M2pep-
Cs NPs (at concentrations of 31.25 to 1000  μg/mL, 
carrying around 5% drug content) was added. Cs NPs 
without Cur were used as controls. After 48 h of incu-
bation, removal of the medium was conducted, and 
200 μL of a fresh medium containing MTT (0.5 mg/
mL) was introduced into each well, followed by an 
incubation in darkness lasting for 4 h. Subsequently, 
the suspended liquid was gathered, and 150 μL of 
the solvent DMSO was poured into every well to 

disintegrate the formazan crystals. After vibrating in 
the dark for 5 min, each well’s light absorption was 
recorded at 570 nm employing a microplate photom-
eter (E8051, Promega). Computation of cell viability 
was executed based on the provided formula: Cell 
viability = (Sample OD570 / Control OD570) × 100% 
(Wang et al. 2021a, b, c). The investigation was car-
ried out in triplicate, and results from diverse time 
points were evaluated using two-way analysis of vari-
ance (ANOVA).

Cellular uptake

THP-1 cells in 12-well plates were treated with 
5  μM Cur, M2pep-Cs NPs (100  μM), and M2pep-
Cs-Cur NPs (100  μM, with a drug loading capacity 
of approximately 5%) for 4  h. After treatment, the 
cells received three PBS washes and were then set 
using cold paraformaldehyde for 15  min. Following 
cell washing, DAPI was applied for a 10-min staining 
duration. Finally, observations of fluorescence were 
made utilizing a confocal microscope (Leica, CH) 
and analyzed using the Image J software. Addition-
ally, cells treated with the drugs were collected, fixed 
with cold paraformaldehyde, stained with DAPI, and 
analyzed using flow cytometry (FC500 Beckman, 
USA) (Zhang et al. 2022a, b). The investigation was 
duplicated on three occasions.

Construction of the "Curcumin‑targets‑disease" 
network

A total of 966 and 63 target genes for Cur were 
retrieved from the Comparative Toxicogenomics 
Database (CTD) (https://​ctdba​se.​org/) and the Swis-
sTargetPrediction database (STP) (http://​swiss​targe​
tpred​iction.​ch/), respectively. By employing the 
"Venn diagram" software, intersecting genes were 
distinguished through the Venn diagram visualiza-
tion. Subsequently, the GeneCards database (https://​
www.​genec​ards.​org/) yielded the leading 100 genetic 
markers correlated with MΦ. Identifying six com-
mon genes between Cur targets and genes associated 
with MΦ was facilitated by a Venn diagram. Appli-
cation of the "clusterProfiler" software facilitated 
the implementation of enrichment analyses for Gene 
Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG). The STRING online platform 
was utilized to conduct an analysis of protein–protein 

https://ctdbase.org/
http://swisstargetprediction.ch/
http://swisstargetprediction.ch/
https://www.genecards.org/
https://www.genecards.org/
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interactions (PPI). The assembly of the network 
"Drug-Targets-Macrophages" was accomplished with 
the aid of Cytoscape 3.7.2 tool, and network topology 
parameters were calculated using NetworkAnalyzer 
for network analysis (Wang et al. 2022a, b, c).

Molecular docking simulation

The Protein Data Bank (https://​www.​rcsb.​org) pro-
vided crystal structures for six selected proteins. 
PubChem data provided the configuration of Cur, 
which was then transformed into a three-dimensional 
setup using Chem3D Ultra 14.0 tool, and subse-
quently underwent energy reduction using the MM2 
technique. The utilization of PyMOL software facili-
tated the preparation of target protein receptors by 
dehydrating and eliminating organic molecules. The 
target protein receptor molecules were hydrogenated, 
charges were calculated, and the conversion of both 
the compound and target protein receptors to "pdbqt" 
files was conducted by AutoDockTools 1.5.6. Accu-
rate case focal points and grid parameters were fixed 
for the docking assessments. Finally, the molecular 
docking assessment utilized Vina 1.1.2 for calculat-
ing the energy values associated with docking (Rosa 
2021). Molecular dynamics (MD) simulations of the 
six protein–ligand complexes were conducted using 
Amber20 for 100  ns. Root-mean-square deviation 
(RMSD) trajectories were analyzed, and MMGB/SA 
modules were used to calculate binding free energies 
based on stable MD trajectories. Protein systems were 
parameterized using the AMBER FF14SB force field 
and solvated in TIP3P water boxes extended by 10 Å. 
Appropriate counterions were added to neutralize the 
system.

In vitro cell cultures

Throughout this research, human monocyte MΦ 
THP-1 (TIB-202, ATCC)  were nurtured in RPMI 
1640 medium enriched with 10% FBS, while HEK-
293 T cells (CRL-3216, ATCC) were maintained in 
DMEM/F12 medium also supplemented with 10% 
FBS. Human TNBC cells MDA-MB-231 (CRM-
HTB-26, ATCC) and BT-549 (HTB-122, ATCC), as 
well as mouse TNBC cells 4T1 (CRL-2539, ATCC), 
were all maintained in a CO2-regulated incuba-
tor (model 51032874, ThermoFisher, USA) with an 
unchanging 37 °C temperature. Gibco (USA) was the 

source for the FBS (Catalog number 10099), RPMI 
1640 medium (Catalog number 11875101), and 
DMEM/F-12 medium (Catalog number 21041025).

MΦ activation was initiated by treating THP-1 
cells with 320 nM phorbol myristate acetate (PMA) 
(Sigma-Aldrich, 16561–29-8) for a period of 24  h. 
The differentiation of M2 MΦ was initiated by treat-
ing THP-1 cells with PMA (320 nm) for 6 h, followed 
by stimulation with IL-4 (20  ng/mL) (PeproTech, 
200–04) and IL-13 (20 ng/mL) (PeproTech, 200–13) 
for a period of 18  h. Subsequently, examination of 
cell morphology was carried out, and the profiling 
of cell surface markers was executed (Zhang et  al. 
2021).

For the co-culture of MΦ and TNBC cells, cancer-
ous cells (1 × 105) were placed in the top compart-
ment of Falcon* Cell Culture Inserts (Corning, Corn-
ing, NY), whereas THP-1 monocytes (1 × 106) that 
had undergone prior treatment were concurrently cul-
tured in the lower compartment. The assessment of 
invasion was performed by seeding pre-treated THP-1 
cells in the lower section of Cell Invasion Inserts 
(Corning) with RPMI medium containing 10% FBS 
or a control solution, followed by the analysis of 
MDA-MB-231 cell invasion (2 × 105) in the upper 
section after 24 h (Weng et al. 2019).

As per experimental requirements, the cell groups 
were categorized as follows (NP treatment time and 
concentration were determined based on cell uptake 
and toxicity experiments): MΦ group (MΦ), M2 
group (M2 MΦ), Control group (M2 cells treated 
with PBS), M2pep-Cs-Cur NPs group (M2 cells 
treated with 5  μM M2pep-Cs-Cur NPs for 24  h), 
oe-NC group (M2 cells as the control group for 
COX-2 overexpression), oe-COX-2 group (M2 cells 
with COX-2 overexpression), NPs + oe-NC group 
(oe-NC cells treated with 5 μM M2pep-Cs-Cur NPs 
for 24  h), NPs + oe-COX-2 group (COX-2 cells 
treated with 5 μM M2pep-Cs-Cur NPs for 24 h).

Immunofluorescence experiment

The cells underwent cultivation in glass-bottomed 
35 mm cell culture plates (706001, NEST). Immobili-
zation of cellular units was accomplished at RT using 
4% paraformaldehyde for 15  min, then subjected to 
dual PBS washes and permeabilized with 0.5% Triton 
X-100 (P0096, Beyotime) for a duration of 10  min. 
The cells then experienced an overnight incubation 

https://www.rcsb.org
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at 4  °C with primary antibodies: rabbit anti-CD86 
(ab239075, 1:100, Abcam, UK) and mouse anti-
CD163 (ab156769, 1:100, Abcam, UK). Upon 
completion of three PBS washes, the sections were 
exposed to secondary antibodies tagged with Alexa 
Fluor 488/594 (ab150077/ab150116, 1:200, Abcam, 
UK) for one hour. Upon completion of three more 
PBS washes, the specimens underwent staining with 
DAPI (10  μg/mL, D3571, Thermo Fisher, USA) for 
a time span of 10 min at RT. Laser scanning confocal 
microscopy (Leica, CH) was utilized for the visuali-
zation process. ImageJ tool was applied in the analy-
sis of fluorescence (Chen et al. 2022a, b, c). Experi-
mental Groups for M2 MΦ Induction: Control group: 
PBS-treated M2 MΦ; M2pep-Cs-Cur NPs group: M2 
MΦ treated with 5 μM M2pep-Cs-Cur NPs for 24 h; 
NPs + oe-NC group: oe-NC MΦ treated with 5  μM 
M2pep-Cs-Cur NPs for 24 h; NPs + oe-COX-2 group: 
oe-COX-2 MΦ treated with 5  μM M2pep-Cs-Cur 
NPs for 24 h. The study was replicated in triplicate, 
and the data derived from the two categories were 
evaluated through an independent samples t-test.

Cell transfection and cell grouping

Implementing control plasmid oe-NC, target plas-
mid oe-COX-2 (constructed in pCDH vector), aux-
iliary plasmid pMD2.G (12259, Addgene), and 
psPAX2 (12260, Addgene), the lentivirus packaging 
kit (V48820, Invitrogen, USA) was employed for the 
transfection of HEK-293 T cells. Post 48 h of trans-
fection completion, the supernatant underwent collec-
tion and concentration employing a lentivirus enrich-
ment reagent (631231, Takara), and the concentrated 
lentivirions were preserved at −80  °C. Upon reach-
ing the logarithmic growth period, THP-1 cells were 
subjected to trypsin for cell disintegration, and 1 × 105 
cells were distributed in each well within a 6-well 
plate. After incubating the cells for 24  h, and with 
cell density reaching around 75%, an appropriate dose 
of lentiviral vectors (initial experiments displayed 
diverse MOIs for cellular transduction, ultimately val-
idating MOI = 10 at a concentration of roughly 5 × 106 
TU/mL) along with 5  μg/mL of polybrene (Merck, 
TR-1003) were supplemented to the growth medium 
for transfection. Cell choosing occurred 2  days post 
lentiviral transduction, with puromycin (540222, 
Sigma-Aldrich) at a concentration of 10 μg/mL, and 
the cells with stable transfection were maintained for 

at least one week (Zhou et  al. 2020). Plasmid con-
struction was performed by Shanghai Hanheng Bio-
technology Co., Ltd.

RT‑qPCR

Trizol reagent (Cat. No. 16096020, Thermo Fisher 
Scientific, USA) was utilized for the extraction of 
total RNA from tissues and cells. Utilizing the Nan-
oDrop One/OneC microvolume nucleic acid and 
protein analyzer by Thermo Scientific, the RNA con-
centration and quality were inspected, achieving an 
A260/A280 ratio of 2.0 and a concentration exceed-
ing 5  μg/μL. By employing the first-strand cDNA 
synthesis kit (D7168L, Beyotime, Shanghai), the 
RNA was transcribed in reverse and converted into 
cDNA. Utilizing the RT-qPCR kit (Q511-02, Vazyme 
Biotech, Nanjing, China), the RT-qPCR investiga-
tions were executed according to the manufacturer’s 
instructions. 20 μL of the reaction mixture comprised 
2 μL of cDNA template, 0.2 μL of both forward and 
reverse primers, and 10 μL of RT-qPCR Mix, mixed 
with RNase-free water. Implementing the Bio-Rad 
CFX96 real-time PCR system, the PCR amplifica-
tion process took place under the prescribed settings: 
initial denaturation at 95 ℃ for 30 s, followed by 40 
cycles of denaturation at 95 ℃ for 10 s, annealing at 
60 ℃ for 30 s, extension at 72 ℃ for 30 s, and a melt-
ing curve analysis from 65 ℃ to 95 ℃. Shengong Bio-
tech (Shanghai, China) furnished and formulated the 
primer sequences, which can be found in Table  S1. 
The 2−ΔΔCt method was employed to analyze the rela-
tive expression of the target gene in the experimen-
tal group as opposed to the control group, wherein 
GAPDH mRNA acted as the reference gene. The 
formula used was ΔΔCt = ΔCt test – ΔCt control, where 
ΔCt = Ct target – Ct reference (Zhang et al. 2019). Experi-
mental Groups: Control group: PBS-treated M2 MΦ; 
M2pep-Cs-Cur NPs group: M2 MΦ treated with 
5 μM M2pep-Cs-Cur NPs for 24 h; oe-NC group: M2 
MΦ with COX-2 overexpression control plasmid; oe-
COX-2 group: M2 MΦ with COX-2 overexpression 
plasmid; NPs + oe-NC group: oe-NC MΦ treated with 
5 μM M2pep-Cs-Cur NPs for 24 h; NPs + oe-COX-2 
group: oe-COX-2 MΦ treated with 5 μM M2pep-Cs-
Cur NPs for 24 h. Repetition occurred thrice during 
the experiment iterations. Two groups were subjected 
to an independent samples t-test, and multiple groups 
underwent a one-way ANOVA.
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Western blot

Lysis of the total proteins derived from tissues and 
cells was conducted in RIPA lysis buffer (P0013B, 
Beyotime, Shanghai) supplemented with 1% PMSF. 
Quantification of total protein content in every indi-
vidual sample was conducted through the employ-
ment of a BCA assay kit (P0011, Beyotime, Shang-
hai). With the aim of facilitating electrophoresis 
separation, SDS gels ranging from 8 to 12% were 
meticulously prepared to align with the desired sizes 
of the target protein bands, and loading of protein 
samples into each lane was uniformly executed with 
the aid of a microloader pipette. Transferring the pro-
teins from the gel to a PVDF membrane (1,620,177, 
BIO-RAD, USA) was followed by blocking them 
with 5% skim milk for one hour at RT. An overnight 
incubation at 4 °C was conducted following the addi-
tion of primary antibodies (Refer to Table  S2). Fol-
lowing this, the membrane underwent three washes 
using 1 × TBST at RT, lasting for 5  min per wash. 
Post the initial incubation process, the membrane was 
exposed to an HRP-conjugated goat anti-rabbit IgG 
secondary antibody (ab6721, 1:2000). This exposure 
lasted for 1 h at RT and the antibodies utilized were 
obtained from respected suppliers such as Abcam and 
Cell Signaling Technology. Following three rounds 
of membrane washing in 1 × TBST buffer for 5  min 
each at RT, ECL substrate (1705062, Bio-Rad, USA) 
was introduced, enabling the visualization of protein 
bands via an Image Quant LAS 4000C gel imaging 
system (GE Healthcare, USA). The internal referenc-
ing of GAPDH facilitated the measurement of total 
protein levels within cells. Grayscale value analy-
sis was utilized with Image J software to determine 
the relative expression levels of proteins, where the 
relationship between the target band’s grayscale 
value and the internal reference band’s grayscale 
value indicated the protein expression levels (Wu 
et  al. 2022). Experimental Groups; Control group: 
PBS-treated M2 MΦ; M2pep-Cs-Cur NPs group: 
M2 MΦ treated with 5  μM M2pep-Cs-Cur NPs for 
24  h; oe-NC group: M2 MΦ with COX-2 overex-
pression control plasmid; oe-COX-2 group: M2 MΦ 
with COX-2 overexpression plasmid; NPs + oe-NC 
group: oe-NC MΦ treated with 5 μM M2pep-Cs-Cur 
NPs for 24 h; NPs + oe-COX-2 group: oe-COX-2 MΦ 
treated with 5 μM M2pep-Cs-Cur NPs for 24 h. The 
repetition was done threefold to validate the results. 

An independent t-test was executed comparing two 
groups, with a one-way ANOVA conducted to ana-
lyze multiple groups.

Cell growth evaluation utilizing CCK‑8 assay

Post cell dissociation and rehydration, the cells were 
portioned into each well of a 96-well plate at a den-
sity of 1 × 103 cells, where they underwent overnight 
culturing. Cell viability was examined at 0  h, 24  h, 
48  h, and 72  h post-culturing based on the instruc-
tions provided by the manufacturer of the CCK-8 
kit (C0041, Beyotime, Shanghai, China) using the 
CCK-8 method. The CCK-8 detection solution (10 
μL) was introduced cyclically at specified time inter-
vals, undergoing a 1-h incubation in a CO2 incuba-
tor, and then the quantification of optical density at 
450 nm was performed with the assistance of a micro-
plate reader (E8051, Promega) (Zhang et  al. 2023a, 
b, c, d). Experimental Groups for Induced M2 MΦ: 
Control group: PBS-treated M2 MΦ; M2pep-Cs-
Cur NPs group: M2 MΦ treated with 5 μM M2pep-
Cs-Cur NPs for 24  h; NPs + oe-NC group: oe-NC 
MΦ treated with 5 μM M2pep-Cs-Cur NPs for 24 h; 
NPs + oe-COX-2 group: oe-COX-2 MΦ treated with 
5 μM M2pep-Cs-Cur NPs for 24 h. Each experiment 
was conducted in triplicate for statistical reliability. 
Examination of data involved a two-way ANOVA at 
disparate time instances.

Detection of cell proliferation rate using EdU labeling

Allocation of three replicates per group was done for 
cell seeding in 24-well plates. The culture medium 
received an addition of EdU (C0071S, Beyotime) at 
a concentration of 10  µmol/L, following which the 
cells were placed in a CO₂ incubator for 2  h. Upon 
removal of the culture medium, the cells were immo-
bilized by exposure to a PBS solution containing 4% 
paraformaldehyde for 15 min at normal RT, followed 
by permeabilization with 0.5% Triton-100 (HFH10, 
Invitrogen™, USA) in PBS for 20  min also at RT. 
Post this step, each well received 100 µL of EdU 
staining solution and was stored in a light-free envi-
ronment at regular RT for 30 min. A 5-min incuba-
tion period was allotted for the application of DAPI 
stain (Shanghai Biyun Tian Biotechnology Co., Ltd, 
Catalog C1002) to specifically target and label the 
cellular nuclei. Following mounting, a fluorescence 
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microscope (FV-1000/ES, Olympus, Japan) was uti-
lized to observe 6–10 random fields of view, and 
the quantity of cells showing positivity in each field 
was documented. Here is how the EdU labeling rate 
was computed: EdU labeling rate (%) = (number of 
positive cells) / (number of positive cells + number 
of negative cells) × 100% (Shi et  al. 2022). Experi-
mental Groups for Induced M2 MΦ: Control group: 
PBS-treated M2 MΦ; M2pep-Cs-Cur NPs group: 
M2 MΦ treated with 5  μM M2pep-Cs-Cur NPs for 
24  h; NPs + oe-NC group: oe-NC MΦ treated with 
5 μM M2pep-Cs-Cur NPs for 24 h; NPs + oe-COX-2 
group: oe-COX-2 MΦ treated with 5 μM M2pep-Cs-
Cur NPs for 24  h. The trial was reiterated thrice to 
ensure consistency. The independent t-test method 
was applied to compare two sets, whereas for multiple 
sets, a one-way ANOVA analysis was utilized.

Clonogenic assay

In the clonogenic test, the cells designated for exami-
nation were dissociated to form individual cell sus-
pensions, with 1000 cells inoculated into every 6 cm 
petri dish. Scheduled alterations of the complete 
growth medium were made in each culture dish every 
three days to ensure optimal growth conditions. The 
cells were subjected to PBS washing, 4% paraform-
aldehyde fixation, and a 15-min staining process with 
0.4% crystal violet (C0121, Beyotime) post a 10-day 
incubation period. Manual counting was employed 
for colonies comprising more than 10 cells, and the 
average count was obtained from replicate wells for 
statistical analysis (Zhao et  al. 2020). Experimen-
tal Groups: Control group: PBS-treated M2 MΦ; 
M2pep-Cs-Cur NPs group: M2 MΦ treated with 
5  μM M2pep-Cs-Cur NPs for 24  h; NPs + oe-NC 
group: oe-NC MΦ treated with 5 μM M2pep-Cs-Cur 
NPs for 24 h; NPs + oe-COX-2 group: oe-COX-2 MΦ 
treated with 5 μM M2pep-Cs-Cur NPs for 24 h. Every 
trial was duplicated three times. Two groups were 
subjected to an independent t-test, and in the case of 
multiple groups, an ANOVA test was utilized.

Transwell invasion assay

The evaluation of in  vitro cell invasion was accom-
plished through the utilization of Transwell cham-
bers (3422, 8  μm pore size, Corning, USA) within 
a 24-well plate in the performance of the Transwell 

invasion assay. A culture medium enriched with FBS 
was introduced into the lower segment of the Tran-
swell unit, which featured a polycarbonate membrane 
with an 8  μm pore size pre-coated with Matrigel, 
amounting to 600  mL. Subsequent to incubation at 
37 °C for 1 h, the system reached equilibrium. Cells, 
post enzymatic breakdown, were restored in DMEM 
medium lacking FBS, and were introduced into the 
upper compartment with a concentration of 2 × 104 
cells/mL, thereafter they were subjected to incu-
bation at 37  °C alongside 5% CO2 for a duration of 
24 h. Upon completion of the experiment within the 
Transwell chambers, removal of these chambers was 
carried out, followed by a double rinse with PBS, 
and later fixed using 5% glutaraldehyde at a tem-
perature of 4 °C. Subsequent to this process, a 0.1% 
crystal violet staining persisted for 5  min duration, 
accompanied by the double washing with PBS, and 
the removal of surface cells was executed by the 
application of a cotton ball. To facilitate observa-
tion, the chambers were inverted and viewed under 
a fluorescence microscope (Nikon TE2000, China). 
5 random fields were photographed, and the mean 
number of cells that infiltrated the chamber was sub-
sequently computed (Li et al. 2022a, b, c, d). Experi-
mental Groups: Control group: PBS-treated M2 MΦ; 
M2pep-Cs-Cur NPs group: M2 MΦ treated with 
5  μM M2pep-Cs-Cur NPs for 24  h; NPs + oe-NC 
group: oe-NC MΦ treated with 5 μM M2pep-Cs-Cur 
NPs for 24  h; NPs + oe-COX-2 group: oe-COX-2 
MΦ treated with 5 μM M2pep-Cs-Cur NPs for 24 h. 
Three repetitions were performed for every individual 
experiment. The utilization of an independent sam-
ples t-test allowed for the comparison of two separate 
groups, while a one-way ANOVA was utilized to ana-
lyze data from multiple groups.

Wound healing assay

Cells from each group in good growth condition were 
prepared into single-cell suspensions using the pre-
viously described method. A six-well plate received 
a 2  mL cell suspension (4 × 105 cells/mL) after the 
cell counting process. Cultivation in a CO₂ incubator 
at 37  °C continued until the cells reached a growth 
density of 90%−100%. The cell monolayer was sub-
jected to a perpendicular mark using a 200 μL pipette 
tip, resembling a "scratch". A serum-free medium 
was poured into the plate after it underwent two 
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PBS washes to eliminate the suspended cells. After 
a subsequent 24-h incubation, images were captured, 
and the scratch distance was measured using Image 
J software. The calculation method for the relative 
migration speed is as stated below: relative migration 
rate = (migration distance of experimental group cells/
migration distance of control group cells) × 100% 
(Jiang 2011). Experimental Groups: Control group: 
PBS-treated M2 MΦ; M2pep-Cs-Cur NPs group: M2 
MΦ treated with 5 μM M2pep-Cs-Cur NPs for 24 h; 
NPs + oe-NC group: oe-NC MΦ treated with 5  μM 
M2pep-Cs-Cur NPs for 24 h; NPs + oe-COX-2 group: 
oe-COX-2 MΦ treated with 5  μM M2pep-Cs-Cur 
NPs for 24 h. The experiment was iterated threefold 
to validate the findings thoroughly. Two groups were 
assessed with an independent t-test, whereas multiple 
groups were analyzed using one-way ANOVA.

Establishment of the TNBC xenograft mouse model

Procured from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd., China, twenty-four female 
C57BL/6  J mice, aged 4–5  weeks, were accommo-
dated in a controlled environment at 26–28  °C with 
a humidity level of 50–65%. Strict adherence to ethi-
cal standards was maintained in all animal experi-
ments, as approved by the Institutional Animal Ethics 
Committee.

During the orthotopic transplantation process, 
a mixture was prepared containing 4T1 cells, 50% 
FBS/PBS, and Matrigel (1:1, v/v), to be introduced 
into the mammary fat pads of female nude mice 
aged 6  weeks, with each fat pad receiving 2 × 105 
cells for the establishment of the 4T1 model. When 
the tumor reached a size of 10 mm, the animals were 
randomized into treatment groups. Based on previous 
studies (Larasati et al. 2018) and in vitro experimental 
results, dosages of M2pep-Cs-Cur NPs at 10  mg/kg 
were delivered via tail vein injection every two days, 
with the control group being treated with an equal 
volume of PBS. The intraperitoneal injection regi-
men received by both the Anti-PD-L1 (Bio X Cell, 
#BE0101) at 12.5 mg/kg and the control group with 
their specific isotype antibody (Bio X cell, #BE0090) 
was set at once every 3  days. After the final treat-
ment, mouse serum samples were gathered, and the 
levels of CK, LDH, ALT, AST, CREA, and urea were 
gauged employing a fully automated biochemical 
analyzer (BK-400, Shandong Beike Biotechnology 

Co., Ltd.). Mice were euthanized by CO₂ inhalation 
4 weeks after orthotopic injection, and tissue samples 
from mammary tumors and essential organs (heart, 
liver, spleen, lungs, kidneys) were obtained. Preserva-
tion methods included fixation in formalin with paraf-
fin embedding or rapid freezing in liquid nitrogen and 
storage at −80 °C (Lee et al. 2022; Pérez-Núñez et al. 
2022).

According to the experimental requirements, the 
animal grouping is as follows: Control group (PBS-
treated TNBC mice), M2pep-Cs-Cur NPs treatment 
group (TNBC mice treated with M2pep-Cs-Cur NPs), 
M2pep-Cs-Cur NPs and anti-PD-L1 combination 
treatment group (TNBC mice treated with M2pep-Cs-
Cur NPs and anti-PD-L1), with 6 mice in each group. 
For RNA-seq analysis: Control group and M2pep-Cs-
Cur NPs treatment group, with 3 mice in each group.

Immunohistochemistry

Paraffin embedding was performed for the fixation 
of tumor tissues in formalin, followed by sectioning. 
Staining of the sections was conducted through the 
application of hematoxylin and eosin (H&E), involv-
ing a 2-min incubation in hematoxylin and a subse-
quent 1-min exposure to eosin. Subsequent to dehy-
dration using 70%, 80%, 90%, and 95% ethanol, the 
sections were treated with xylene twice, with each 
treatment lasting for 5 min. They were then encapsu-
lated in neutral resin for examination under a BX63 
light microscope from Olympus, Japan. The immu-
nohistochemical staining was performed follow-
ing standard procedures: rabbit anti-Ki67 (ab16667, 
1:200, Abcam) and rabbit anti-PCNA (ab92552, 
1:500, Abcam) served as the primary antibodies. 
These antibodies were incubated overnight, followed 
by a 30-min incubation with goat anti-rabbit IgG 
(ab6721, 1:1000, Abcam) the succeeding day. The 
37  °C incubated sections were treated with SABC 
(Strept Avidin–Biotin Complex, Vector Labs, USA) 
for 30 min, then subjected to staining with DAB chro-
mogen solution (P0203, Beyotime Biotechnology, 
Shanghai) for 6 min before a quick 30-s hematoxylin 
counterstain. The specimens underwent a dehydra-
tion procedure involving a sequence of immersions 
in solutions of 70%, 80%, 90%, and 95% ethanol, 
followed by two rounds of exposure to xylene last-
ing 5  min each. They were subsequently encased in 
neutral resin for observation using a light microscope 
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(BX63, Olympus, Japan). Measurement of the stain-
ing findings was accomplished via the use of Image 
J software to gauge both the average gray scale value 
(intensity of staining) and the quantity of cells exhib-
iting positive outcomes. Statistical examination was 
conducted to differentiate variances among distinct 
sets, and the graphical representation of findings 
facilitated the assessment of dye impacts on cellular 
or tissue slices (Zhang et al. 2023a, b, c, d). Employed 
an independent samples t-test to compare two groups, 
and conducted one-way ANOVA for analyses involv-
ing multiple groups.

Flow cytometry

Tumors obtained were subjected to the following 
analyses using flow cytometry. Following the manu-
facturer’s instructions, the tumors underwent minc-
ing and enzymatic digestion with the assistance of 
the MAcs Miltenyi Mouse Tumor Dissociation Kit 
(130–096–730, Miltenyi Biotec). The separated 
tumor cells were washed with RPMI Medium 1640, 
and utilizing the RBC Lysis solution (158904, Qia-
gen) enabled the lysis of red blood cells. Enumera-
tion and suspension of cells were conducted in PBS 
solution supplemented with 0.5% BSA and 2  mM 
EDTA. M1-like and M2-like MΦ were labeled with 
Anti-CD80-PE (16-10A1, 553769, BD Biosciences), 
Anti-CD86-APC (GL1, 561964, BD Biosciences), 
Anti-CD206-FITC (C068C2, 141703, Biolegend), 
and Anti-CD163-APC (S15049I, 155305, Biolegend) 
individually (Mehta et  al. 2020; Zhang et  al. 2021). 
Two groups were subjected to an independent t-test 
comparison, and multiple groups underwent a one-
way ANOVA analysis for statistical assessment.

Transcriptome sample sequencing and data quality 
control

In this study, we conducted magnetic bead-based 
selection of CD11b + cells (Beijing Nuowei Biotech-
nology, 130–049–601) to isolate MΦ from tumor tis-
sues of Control mice (n = 3) and Treat mice (Treat 
group), proceeded with extracting total RNA by uti-
lizing Trizol reagent (Thermo, 16096020, USA). 
Subsequently, utilized the Qubit®2.0 Fluorometer® 
(Life Technologies, Q33216, USA) in conjunction 
with the Qubit® RNA analysis kit (Shanghai Boji 
Biotechnology Co., Ltd., HKR2106-01, Shanghai, 

China), Nanophotometer (IMPLEN, USA), and the 
Bioanalyzer 2100 system equipped with the RNA 
Nano 6000 analysis kit (Agilent, 5067–1511, USA) to 
evaluate the RNA samples’ concentration, purity, and 
integrity. Criteria for RNA evaluation included con-
centration (C ≥ 20 ng/μL), purity (OD260/280 > 2.0), 
and integrity (RIN ≥ 7.0; 28S/18S ratio ≥ 1.0).

The starting material for RNA sample prepara-
tion encompassed 3 μg of total RNA per sample. In 
accordance with the recommendations supplied by the 
manufacturer, the NEBNext® UltraTM RNA Library 
Preparation Kit designed for Illumina® sequencing 
(NEB, E7435L, Beijing, China) was applied to craft 
cDNA libraries. Subsequent quality assessments of 
these libraries were conducted using the Agilent Bio-
analyzer 2100 system. As prescribed by the producer, 
the indexed samples underwent clustering on the cBot 
cluster assembly instrument employing the TruSeq 
PE Cluster Kit v3 cBot HS (Illumina) (PE-401–3001, 
Illumina, USA). After the generation of clusters, the 
library preparation step was executed and sequencing 
was conducted utilizing the Illumina HiSeq 550 plat-
form, producing paired-end reads of 125 bp/150 bp.

Assessment of the quality of paired-end sequenc-
ing reads was executed by employing FastQC soft-
ware version 0.11.8 on the raw sequencing dataset. 
Adaptors from Illumina sequencing and poly(A) tail 
sequences were successfully removed from the raw 
data through preprocessing with Cutadapt software 
version 1.18. Reads that had a N content of more than 
5% were filtered out using a perl script. Subsequently, 
extracting reads surpassing a base quality score of 20 
and constituting 70% of the total bases was achieved 
using the FASTX Toolkit software version 0.0.13. 
The paired-end sequences were appropriately fixed 
with the assistance of the BBMap software. Sub-
sequently, the refined superior read segments were 
mapped to the mouse reference genetic material 
through the application of hisat2 software version 
0.7.12 (Guo et al. 2023b; Xu et al. 2022).

Transcriptome sequencing analysis

Differential analysis of gene expression comparing 
Control and Treat samples was performed by utiliz-
ing the software tool "Limma" in R, applying criteria 
of |log2Fc|> 1 and P < 0.001. The "heatmap" package 
from R was employed to create visual representations 
of the differentially expressed genes (DEGs), and the 
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"ggplot2" package was utilized for generating volcano 
charts. Creation of Venn diagrams was facilitated by 
the "vennDiagram" software package. Employing 
the R package "clusterProfiler," enrichment analy-
ses were performed, shedding light on the pathways 
of both GO and KEGG for enhanced comprehension 
(Chen et al. 2022a, b, c).

Statistical analysis

The statistical examination of the bioinformatics out-
comes was conducted utilizing R version 4.2.1, while 
analysis of other data was performed using SPSS 
version 26.0 (IBM, USA). SD was combined with 
mean to represent the continuous data. The first step 
involved conducting tests to evaluate the presence of 
normality and variance homogeneity. In cases where 
the data satisfied the criteria of conforming to a nor-
mal distribution and having equal variances across 
groups, t-tests (unpaired for independent samples or 
paired for related samples) were utilized to compare 
between groups, while ANOVA or repeated meas-
ures ANOVA was employed for comparing multiple 
groups. A P value below 0.05 was the criterion for 
determining statistical significance.

Results

Preparation and characterization of TAMs 
M2pep‑Cs‑Cur NPs

Despite Cur demonstrating these potentials, research 
specific to TAMs in TNBC remains relatively scarce. 
Furthermore, the clinical application of Cur is hin-
dered by its low solubility and limited bioavailability 
(Hafez Ghoran et  al. 2022). In this context, we uti-
lized Cs as a carrier known for its excellent biocom-
patibility and ability to enhance drug stability through 
chemical modification (Aghbashlo et al. 2023) to pre-
pare M2pep-Cs-Cur NPs aimed at improving delivery 
efficiency and therapeutic efficacy. This nanotechnol-
ogy significantly enhances the delivery performance 
of Cur, improves the targeting of TAMs M2 cells, and 
enhances its anti-tumor activity. Figure 1A illustrates 
the process of preparing M2pep-Cs-Cur NPs.

Initially, the TAMs M2-targeting peptide M2pep 
was conjugated to the surface of Cs NPs via amide 
reaction to produce M2pep-Cs NPs. Subsequently, 

morphology and size attributes of M2pep-Cs NPs 
were determined by TEM and DLS examinations. 
The TEM images revealed that both the synthesized 
Cs NPs and M2pep-Cs NPs exhibited uniform spheri-
cal shape and excellent dispersion (Fig. 1B). Accord-
ing to the DLS results, the average hydrodynamic 
diameter of M2pep-Cs NPs (176 ± 12.6 nm) slightly 
increased compared to Cs NPs (164 ± 5.12 nm) due to 
the conjugation of the targeting peptide on the mate-
rial surface, indicating successful modification of 
M2pep on Cs NPs. Furthermore, the zeta potential of 
M2pep-Cs NPs increased to + 75.40 ± 3.60 mV com-
pared to Cs NPs (+ 66 ± 5.4 mV), as shown in Fig. 1C 
(Table S3). This enhancement indicates an improved 
stability of the M2pep-Cs NPs system.

To confirm the binding between M2pep and Cs 
NPs, we employed UV/Visible absorption spectros-
copy and fluorescence emission spectroscopy to 
detect Cy5-labeled M2pep. The UV/Visible absorp-
tion spectra analysis of NPs revealed similar Cy5 
absorption peaks around 420–480  nm for M2pep-
Cs-Cy5 and M2pep-Cy5. Additionally, M2pep-
Cs-Cy5 exhibited characteristic emission peaks at 
530–550  nm, similar to M2pep-Cy5, providing evi-
dence of successful coupling of M2pep (Fig. 1D).

Subsequently, we synthesized M2pep-Cs-Cur NPs. 
DLS results showed that the mean particle diameters 
of M2pep-Cs NPs and M2pep-Cs-Cur NPs were 
176 ± 12.6 nm and 182 ± 15.3 nm, respectively, with 
zeta potentials of + 78 ± 3.6  mV and + 70 ± 5.5  mV, 
respectively (Fig. 1E). These results indicate that Cur 
loading increased the particle size of the NPs with-
out markedly affecting the stability of the system. 
TEM analysis revealed that both M2pep-Cs NPs and 
M2pep-Cs-Cur NPs exhibited distinct spherical parti-
cles with a dense structure (Fig. 1F), and Cur loading 
did not alter the structure of M2pep-Cs NPs.

These results demonstrate the successful prepara-
tion of TAMs M2pep-Cs-Cur NPs with encapsulation 
and loading efficiencies of approximately 84% and 
5.6%, respectively.

Stability, in vitro release, cellular uptake, and toxicity 
of M2pep‑Cs‑Cur NPs

After the successful preparation of M2pep-Cs-Cur 
NPs, we further investigated the stability of M2pep-
Cs-Cur NPs in buffer solutions at varying pH levels 
using DLS. It was revealed by the results that even 
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under mildly acidic conditions (pH 5.5 and 6.5), 
M2pep-Cs-Cur NPs exhibited only slight changes 
in size and count rates (pH 5.5: 185 ± 2 kcps; pH 
6.5: 184 ± 1 kcps) (Fig. 2A). Additionally, the NPs 
showed minimal size changes and good stability 
under different physiological circumstances (water, 
PBS, saline, and RPMI 1640), with count rates con-
sistently near 180 kcps (Fig.  2B). These findings 
suggest that M2pep-Cs-Cur NPs possess kinetic sta-
bility, rendering them suitable as drug carriers.

To investigate the in vitro release rate of Cur from 
M2pep-Cs-Cur NPs, as well as to explore the con-
trolled release pattern and pH dependence of Cur 
release from M2pep-Cs-Cur NPs particles, we meas-
ured the release curves of Cur in various situations 
(pH 7.4, pH 6.5, and pH 5.0) (Fig.  2C). The results 
indicated that at pH 7.4, 6.5, and 5.0, the percentage 
of Cur released from M2pep-Cs-Cur NPs within the 
first 2  h was 20%, 30%, and 40% of the total drug, 
respectively, with an increase in release rate with 

Fig. 1   Preparation and characterization of TAMs M2pep-
Cs-Cur NPs. Note: A Simple preparation process of M2pep-
Cs-Cur NPs; B TEM images of Cs NPs and M2pep-Cs NPs 
(scale = 50  nm); C Average hydrodynamic diameter and zeta 
potential of Cs NPs and M2pep-Cs NPs; D UV/Vis absorp-

tion spectra and fluorescence emission spectra of Cs NPs 
and M2pep-Cs NPs; E Average hydrodynamic diameter and 
zeta potential of M2pep-Cs NPs and M2pep-Cs-Cur NPs; 
F TEM images of M2pep-Cs NPs and M2pep-Cs-Cur NPs 
(scale = 50 nm)
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prolonged stirring time. The influence of pH on the 
release of Cur from M2pep-Cs-Cur NPs is indicated 
by this finding, implying potentially higher release 
efficiency in the acidic TME (Chen et al. 2022a, b, c).

Cell toxicity of the M2pep-Cs NPs carrier was 
evaluated using the MTT assay. The results revealed. 
That M2pep-Cs NPs and Cs NPs showed no sig-
nificant cytotoxicity, with cell viability consistently 
above 90%, indicating good biocompatibility of 
M2pep-Cs NPs (Fig. 2D). Contrarily, the toxic effects 
in a dose-dependent manner were examined for free 
Cur and M2pep-Cs-Cur NPs. Cur showed no effect 
on cell viability at concentrations below 10  μM. 
However, the cytotoxicity of the drug increased with 
higher concentrations, reducing cell viability to below 
50% at 50 μM and to approximately 20% at 100 μM 
(IC50 = 37.05  μM, Fig.  2E). Based on these results, 
5 μM was selected for subsequent experiments.

To further investigate the uptake of M2pep-Cs-
Cur NPs by MΦ, we induced THP-1 differentiation 
into MΦ using PMA, succeeded by incubation with 
IL-4 and IL-13 to obtain M2-polarized MΦ (M2) 

(validated by detection of the M2 marker protein 
CD163 to confirm successful polarization (Fig-
ure S1)). The uptake of Cur’s natural fluorescence 
and Cy5-tagged M2pep in NPs was monitored 
using immunofluorescence and flow cytometry 
methods. The fluorescence exhibited by M2pep-
Cs-Cur NPs surpassed that of Cur alone within the 
M2pep-Cs-Cur NPs cohort, showing a nearly two-
fold increase in brightness when tested in M2 MΦ 
relative to MΦ cells. Nonetheless, the Cy5 fluores-
cence intensity remained almost identical for both 
M2pep-Cs NPs and M2pep-Cs-Cur NPs (Fig. 2F). 
These findings indicated that M2pep facilitated 
the specific uptake of NPs by M2 MΦ, while the 
uptake of free Cur by MΦ lacked specificity. More-
over, the majority of Cur and M2pep-Cs-Cur NPs 
showed colocalization without altering the Cy5 flu-
orescence. This indicates successful encapsulation 
of Cur by M2pep-Cs NPs, enhancing the uptake 
of Cur by M2 cells. Subsequent flow cytometry 
analysis confirmed this conclusion. Consistent with 
the immunofluorescence results, the uptake levels 

Fig. 2   Stability, in  vitro release, cellular uptake, and toxicity 
of M2pep-Cs-Cur NPs. Note: A Stability evaluation of M2pep-
Cs-Cur NPs at different pH values; B Stability assessment of 
M2pep-Cs-Cur NPs in various solutions; C In  vitro release 
profile of Cur from M2pep-Cs-Cur NPs at different pH val-
ues; D Cytotoxicity of M2pep-Cs NPs or Cs NPs in THP-1 
cells; E Dose-dependent cellular toxicity assessment of free 

Cur and M2pep-Cs-Cur NPs in THP-1 cells; F Immunofluo-
rescence detection of cellular uptake of M2pep-Cs NPs, Cur, 
and M2pep-Cs-Cur NPs in M2 MΦ (scale = 25 μm); G Flow 
cytometry analysis of cellular uptake of M2pep-Cs NPs, Cur, 
and M2pep-Cs-Cur NPs in M2 MΦ; nsP > 0.05, *P < 0.05, 
***P < 0.001; All cell experiments were performed in triplicate
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of M2pep-Cs-Cur NPs (~ 32.8% or ~ 82.9%) were 
higher than those of Cur alone (~ 5.6% or ~ 12.0%), 
with the uptake by M2 cells being higher than that 
by MΦ cells (Fig. 2G).

The results demonstrated that the successfully 
synthesized M2pep-Cs-Cur NPs exhibited good 
stability, uniform release in  vitro, and efficient 
uptake by M2 MΦ.

TNBC cell invasion and growth inhibition by 
M2pep‑Cs‑Cur NPs through TAM reprogramming

To determine the impact of M2pep-Cs-Cur NPs 
on M2 cell polarization, we conducted an immu-
nofluorescence analysis of M2 cell polarization-
related proteins. The outcomes illustrate a sub-
stantial decline in CD163 fluorescence in the 
M2pep-Cs-Cur NPs-treated group relative to the 
control group, while the fluorescence of CD86, a 
protein associated with M1 cells, was enhanced 
(Fig. 3A). The RT-qPCR outcomes concurred with 
the immunofluorescence findings, illustrating a 
decrease in the levels of CD163 and IL-10, com-
mon markers for M2 cells, and an elevation in the 
levels of CD80, CD86, and IL-1β associated with 
M1 cells (Fig.  3B). These findings indicate that 
treatment with M2pep-Cs-Cur NPs effectively pro-
motes M2 cell reprogramming.

In order to further investigate whether the repro-
gramming of M2 cells induced by M2pep-Cs-Cur 
NPs leads to functional changes in TNBC cells, we 
co-cultured M2 cells treated with M2pep-Cs-Cur 
NPs with human TNBC cell lines MDA-MB-231 
and BT-549 (designated as NPs-MDA-MB-231 and 
NPs-BT-549 respectively) (Fig. 3C). The outcomes 
demonstrated a significant inhibition in the prolif-
eration, migration, and invasion of MDA-MB-231 
and BT-549 cells co-cultured with M2 cells treated 
with M2pep-Cs-Cur NPs (Fig. 3D-G).

These findings indicate that M2pep-Cs-Cur 
NPs effectively reprogram M2 MΦ, shifting their 
expression profile from tumor-promoting to anti-
tumor. The growth, migration, and invasion of 
TNBC cells were significantly impeded when 
exposed to the reprogrammed M2 MΦ in a co-cul-
ture scenario, underscoring the potential clinical 
application of M2pep-Cs-Cur NPs in anti-tumor 
therapy.

Bioinformatics analysis reveals key genes regulated 
by Cur in TAMs

To further elucidate the molecular mechanisms 
underlying Cur’s impact on TAM reprogramming, 
we retrieved 966 and 63 target genes of Cur from 
the CTD (https://​ctdba​se.​org/) and STP database 
(http://​swiss​targe​tpred​iction.​ch/), respectively. The 
distribution of target genes in the STP database is 
illustrated in Figure  S2A. By performing a Venn 
analysis on the predicted target genes from both 
databases, we identified 49 target genes (designated 
as "Targets"), as illustrated in Fig.  4A-B. Enrich-
ment analyses based on GO and KEGG pathways 
revealed that the Targets are primarily enriched in 
categories related to response to peptide, response 
to oxidative stress, and cellular response to chemi-
cal stress, among others (Figure S2B). The protein 
interaction network of the Targets is depicted in 
Figure S2C.

To identify genes associated with MΦ, the Gen-
eCards database (https://​www.​genec​ards.​org/) pro-
vided a list of 100 significant genes correlated with 
"macrophage". The comparison between MΦ genes 
and Targets through a Venn diagram revealed 6 tar-
get genes that are intricately connected to MΦ: JAK2 
(Janus kinase 2, encoding JAK2 protein), STAT3 
(signal transducer and activator of transcription 3, 
encoding STAT3 protein), TNF (tumor necrosis fac-
tor, encoding TNFα protein), MMP9 (matrix metal-
lopeptidase 9, encoding MMP9 protein), CSF1R (col-
ony-stimulating factor 1 receptor, encoding CSF1R 
protein), and PTGS2 (prostaglandin-endoperoxide 
synthase 2, encoding COX-2 protein) (Fig.  4C-D). 
Enrichment analysis of these 6 target genes using 
GO revealed a significant concentration in processes 
related to inflammation, such as positive regulation of 
cytokine production, myeloid cell differentiation, and 
neuroinflammatory response (Fig.  4E). Additionally, 
KEGG analysis showed a notable enrichment of these 
genes across various inflammatory signaling path-
ways, including the JAK-STAT signaling pathway, 
TNF signaling pathway, Th17 cell differentiation, and 
IL-17 signaling pathway (Fig.  4F). The enrichment 
genes corresponding to these pathways are detailed in 
Table S4. Moreover, protein interaction analysis dem-
onstrated complex interplays among the 6 proteins, 
indicating their involvement in regulating MΦ polari-
zation (Fig. 4G).

https://ctdbase.org/
http://swisstargetprediction.ch/
https://www.genecards.org/
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Fig. 3   Impact of M2pep-Cs-Cur NPs on TAMs reprogram-
ming and growth invasion of TNBC cells. Note: A Immuno-
fluorescence assessment of the influence of M2pep-Cs-Cur 
NPs on M2 cell polarization (scale = 25  μm); B RT-qPCR 
analysis of the effect of M2pep-Cs-Cur NPs on M2 cell polari-
zation; C Schematic illustration of co-culture of MΦ with 
MDA-MB-231 and BT-549 cells; (D) CCK8 assay to evaluate 
the proliferation of MDA-MB-231 and BT-549 cells in each 

group; E Clonogenic assay to assess the proliferation of MDA-
MB-231 and BT-549 cells in each group; F Transwell assay to 
determine the invasion of MDA-MB-231 and BT-549 cells in 
each group (scale = 50  μm); G Wound healing test to evalu-
ate the migration of MDA-MB-231 and BT-549 cells in each 
group (scale = 100  μm); nsP > 0.05, *P < 0.05, ***P < 0.001; 
All cell experiments were conducted in triplicate
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Cur’s 2D and 3D structures were obtained from the 
PubChem website. The utilization of AutoDockTools 
1.5.6 and Vina 1.1.2 software facilitated the molecu-
lar docking process of Cur with six proteins (Fig. 5A-
B, Table  S5). The results revealed the binding 

free energy of Cur with JAK2 to be −8.2  kcal/mol 
(Fig. 5C), with STAT3 to be −6.2 kcal/mol (Fig. 5D), 
with TNF-α to be −6.0  kcal/mol (Fig.  5E), with 
MMP9 to be −8.9  kcal/mol (Fig.  5F), with CSF1R 
to be −8.8  kcal/mol (Fig.  5G), and with COX-2 to 

Fig. 4   Bioinformatics analysis reveals the impact of Cur on 
key genes in TAMs. Note: A Venn analysis of Cur target genes 
from CTD and STP databases; B Network diagram of Cur-
target genes; C Venn analysis of target genes and MΦ-related 
genes in the GeneCard database; D Network diagram of Cur-

target genes-MΦ; E GO analysis results of six target genes 
related to MΦ; F KEGG analysis results of six target genes 
related to MΦ; G Protein interaction results of six target genes 
related to MΦ
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be −9.5 kcal/mol (Fig. 5H). A binding affinity index 
of < 0  kcal/mol indicates spontaneous binding and 
interaction of the molecular proteins, with smaller 
values suggesting tighter receptor-ligand binding and 
stronger affinity (Rosa 2021). MD simulations for 
100 ns were performed for all six complexes. RMSD 

analysis indicated that most systems reached equilib-
rium within the first 20 ns and remained stable, while 
MMP9 reached equilibrium within 40 ns (Figure S3). 
Based on stable trajectories (40–100 ns), binding free 
energy calculations using the MMGB/SA method 
showed trends consistent with molecular docking 

Fig. 5   Molecular docking results of Cur with six target pro-
teins related to MΦ. Note: A Schematic illustration of the 
molecular docking of Cur with target proteins; B 2D and 3D 
structures of Cur molecule; C Molecular docking results 
of Cur with JAK2; D Molecular docking results of Cur with 

STAT3; E Molecular docking results of Cur with TNFα; F 
Molecular docking results of Cur with MMP9; G Molecu-
lar docking results of Cur with CSF1R; H Molecular docking 
results of Cur with COX-2
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scores. Among these, the Cur-COX-2 complex exhib-
ited the highest binding free energy (−46.0  kcal/
mol), indicating the strongest interaction. Details are 
provided in Table  S6. These findings demonstrate 
that Cur forms stable molecular conformations with 
JAK2, STAT3, TNF-α, MMP9, CSF1R, and COX-2, 
with the strongest binding observed for COX-2, pri-
marily mediated by polar interactions (Table S7).

The results above demonstrate that the six key Cur 
target genes associated with MΦ play crucial roles 
in regulating the biological processes of cytokine 
production, myeloid cell differentiation, and inflam-
matory responses. Additionally, these genes exhibit 
significant functions in key inflammation-related 
signaling pathways such as JAK-STAT, TNF, IL-17, 
and Th17 cell differentiation. Particularly, the tight 
binding of Cur with COX-2 may be essential in 
influencing the polarization of TAMs. Cur exhibits 
the potential to influence MΦ function by modulat-
ing specific signaling pathways, as elucidated in this 
study, offering valuable research directions for further 
exploration of its anti-inflammatory effects.

M2pep‑Cs‑Cur NPs modulate TAMs reprogramming 
via COX‑2/TNF&IL‑17 pathways

To further investigate whether M2pep-Cs-Cur NPs 
impact TAM reprogramming through the regulation 
of COX-2, we examined the expression of COX-2 in 
untreated and treated M2 cells with M2pep-Cs-Cur 
NPs. The data reveals a considerable drop in both 
COX-2 mRNA and protein expression in M2 cells 
treated with M2pep-Cs-Cur NPs in contrast with the 
untreated group (Fig.  6A-B). The IL-17 and TNF 
signaling pathways were found to be enriched with 
COX-2, as revealed by KEGG analysis (Table  S4). 
Therefore, we also assessed the protein expression 
levels of IL-17 and TNF-α in untreated and treated 
M2 cells with NPs. The results indicate an upregula-
tion of IL-17 and TNF-α protein expression levels in 
M2 cells treated with M2pep-Cs-Cur NPs (Fig. 6C).

In the follow-up experiment, we conducted COX-2 
overexpression in M2 cells treated with M2pep-Cs-
Cur NPs (referred to as NPs + oe-COX-2, as shown in 
Fig. 6D-E) to evaluate the influence of COX-2 over-
expression on the reprogramming of M2 cells treated 
with M2pep-Cs-Cur NPs. The examination findings 
exhibited that when juxtaposed with the NPs + oe-NC 
group, M2 cells overexpressing COX-2 displayed 

significantly enhanced fluorescence intensity of 
the M2 cell marker CD163, while the fluorescence 
intensity of the M1 cell marker CD86 was reduced 
(Fig.  6F). Consistent with the immunofluorescence 
findings, RT-qPCR results demonstrated upregulation 
of the M2 cell markers CD163 and IL-10 expression, 
and downregulation of the M1 cell markers CD80, 
CD86, and IL-1β expression (Fig. 6G). These results 
suggest that M2pep-Cs-Cur NPs may induce the 
reprogramming of M2 cells by suppressing COX-2 
expression.

To further investigate the effect of M2pep-Cs-Cur 
NPs on the reprogramming of M2 cells and their 
impact on the growth and invasion of TNBC cells 
by suppressing COX-2 expression, we co-cultured 
oe-NC or oe-COX-2 M2 cells treated with M2pep-
Cs-Cur NPs with MDA-MB-231 and BT-549 cells. 
Results from the EdU labeling and colony formation 
experiments indicated that under M2pep-Cs-Cur NPs 
treatment, MDA-MB-231 and BT-549 cell prolifera-
tion was enhanced when co-cultured with M2 cells 
overexpressing COX-2 relative to the NPs + oe-NC 
group (Fig. 6H-I). Additionally, Transwell and migra-
tion assay results revealed that under M2pep-Cs-
Cur NPs treatment, co-culturing MDA-MB-231 and 
BT-549 cells with oe-COX-2 M2 cells enhanced their 
invasion and migration capabilities contrasted against 
the NPs + oe-NC group (Fig. 6J-K).

These outcomes illustrate that M2pep-Cs-Cur NPs 
induce the reprogramming of M2 cells by inhibiting 
COX-2 expression, thereby suppressing the growth 
and invasion of TNBC cells.

M2pep‑Cs‑Cur NPs suppress TNBC growth and 
invasion while enhancing anti‑PD‑L1 immunotherapy 
efficacy

Investigating the in  vivo impact of M2pep-Cs-Cur 
NPs on TAMs repolarization, TNBC proliferation, 
invasion, and anti-PD-L1 immunomodulation, a 
murine model involving orthotopic transplantation of 
4T1 cells was created, with subsequent administration 
of M2pep-Cs-Cur NPs or anti-PD-L1 therapy to the 
animal subjects. The allocation of mice was random, 
leading them to be grouped into the Control group, 
M2pep-Cs-Cur NPs treatment group, and M2pep-Cs-
Cur NPs combined with the anti-PD-L1 treatment 
group.



	 Cell Biol Toxicol           (2025) 41:58    58   Page 20 of 32

Vol:. (1234567890)



Cell Biol Toxicol           (2025) 41:58 	 Page 21 of 32     58 

Vol.: (0123456789)

Initially, we assessed the tumor weights in the 
mice to evaluate tumor growth. The data depicted a 
notable drop in the weight of allograft tumors in the 
M2pep-Cs-Cur NPs treatment group contrasted with 
the Control group, with further tumor growth inhi-
bition observed in the combined treatment group 
with anti-PD-L1 (Fig.  7A). Immunohistochemical 
analysis revealed decreased expression of Ki67 and 
PCNA in allograft tumors following treatment with 
M2pep-Cs-Cur NPs or combined treatment with 
anti-PD-L1 (Fig.  7B). These findings suggest that 
M2pep-Cs-Cur NP treatment suppressed in  vivo 
proliferation of allograft TNBC cells, with a more 
pronounced inhibitory effect observed in combina-
tion with anti-PD-L1 therapy.

Subsequent to the treatment with M2pep-Cs-Cur 
NPs, the MΦ reprogramming status in TNBC grafts 
was assessed through flow cytometry. The results 
revealed an escalation in M1 cells marked by CD80 
and CD86 and a downturn in M2 cells marked by 
CD163 and CD206 in allograft tumors in both the 
M2pep-Cs-Cur NPs treatment group and the com-
bination therapy group, in contrast with the Control 
group (Fig.  7C). Additionally, Western blot analy-
sis exhibited downregulation of COX-2 expression 
and an upregulation of IL-17 and TNFα expression 
in allograft tumors in the M2pep-Cs-Cur NPs treat-
ment group and the combination therapy group, in 
relation to the Control group (Fig. 7D).

Lastly, we conducted a safety evaluation of the 
in  vivo biocompatibility of M2pep-Cs-Cur NPs. 
The results demonstrated a steady increase in body 
weight of all treated mice, with no signs of discom-
fort or mortality (Fig.  7E). Analysis of heart, liver, 
spleen, lung, and kidney samples in every grouping 
revealed no apparent damage in the H&E-stained sec-
tions upon microscopic scrutiny (Fig. 7F). Moreover, 
serum biochemical analysis indicated no significant 
differences in liver function indicators (ALT, AST), 
cardiac function indicators (CK, LDH), and kidney 
function indicators (CREA, urea) among the groups 
(Fig. 7G-I).

These findings suggest that M2pep-Cs-Cur NPs 
exhibit a high safety profile, suppress the formation 
of tumor-promoting M2-like MΦ in the TNBC TME, 
promote TAMs reprogramming, inhibit TNBC tumor 
progression, and enhance the efficacy of anti-PD-L1 
treatment.

Transcriptome sequencing reveals key pathway 
alterations in TAMs reprogramming targeted by 
M2pep‑Cs‑Cur NPs

To further elucidate the molecular mechanisms by 
which M2pep-Cs-Cur NPs induce TAMs repro-
gramming in  vivo, we conducted whole transcrip-
tome sequencing analysis on MΦ extracted from the 
allograft tumors of the same batch of mice from the 
Control group and the M2pep-Cs-Cur NPs treatment 
group (Fig. 8A).

When contrasted with the Control group, a sum 
of 737 DEGs was identified in the M2pep-Cs-Cur 
NPs group, with 303 genes in an upregulated state 
and 434 genes noted as downregulated (Fig.  8B). 
Subsequently, the DEGs underwent enrichment 
analyses through GO and KEGG pathways to gain 
further insights. GO enrichment analysis indicated 
a remarkable enrichment of DEGs in biological 
processes (BP) related to white blood cell migra-
tion, regulation of inflammatory responses, and 
positive regulation of the cell cycle. This empha-
sizes the crucial role of MΦ in immune response 
and cell proliferation. In terms of cellular com-
ponents (CC), gene enrichment was observed in 
locations such as the receptor complex, cell lead-
ing edge, and spindle apparatus, possibly associ-
ated with the recognition, positioning, and divi-
sion functions of MΦ. The molecular function 

Fig. 6   Impact of M2pep-Cs-Cur NPs on TAMs reprogram-
ming through COX-2/TNF&IL-17 pathway. Note: A Expres-
sion of COX-2 mRNA in untreated and treated M2 cells 
with M2pep-Cs-Cur NPs; B Expression of COX-2 protein 
in untreated and treated M2 cells with M2pep-Cs-Cur NPs; 
C Protein expression of IL-17 and TNF-α in untreated and 
treated M2 cells with M2pep-Cs-Cur NPs; D Validation of 
COX-2 overexpression at mRNA level; E Validation of COX-2 
overexpression at protein level; F Immunofluorescence stain-
ing of M1 and M2 markers in different groups of MΦ (scale 
bar = 25 μm); G RT-qPCR analysis of M1 and M2 markers in 
different groups of MΦ; H EdU labeling experiment to assess 
the proliferation of MDA-MB-231 and BT-549 cells co-cul-
tured with MΦ in different groups (scale bar = 25 μm); I Clo-
nogenic assay to evaluate the proliferation of MDA-MB-231 
and BT-549 cells co-cultured with MΦ in different groups; J 
Scratch wound assay of MDA-MB-231 and BT-549 cells co-
cultured with MΦ, evaluating migration (scale bar = 100 μm); 
K Transwell assay of MDA-MB-231 and BT-549 cells co-
cultured with MΦ, assessing invasion (scale bar = 50  μm); 
*P < 0.05, **P < 0.01, ***P < 0.001; All cellular experiments 
were performed in triplicate
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(MF) analysis indicated significant enrichment 
of DEGs in activities such as protein binding, 
cytokine binding, and oxidoreductase activity, par-
ticularly enzymes acting on the CH-CH group with 
NAD or NADP as cofactors, potentially involving 
energy metabolism and cell signaling pathways 
(Fig.  8C). KEGG enrichment analysis highlighted 
that the DEGs in MΦ are primarily linked to sign-
aling pathways involved in tumorigenesis, immune 
response, and cell cycle regulation. Notably, the 
enrichment of pathways related to tumorigenesis 
transcriptional misregulation underscores the piv-
otal role that MΦ may play in cancer development. 
Furthermore, the enrichment of pathways like 
apoptosis and the TNF signaling pathway reveals 
the potential importance of MΦ in immune regula-
tion and metabolic control (Fig. 8D). Additionally, 
based on the sequencing results, the application of 
M2pep-Cs-Cur NPs resulted in the reduction of 
COX-2 gene expression and promoted the shift of 
TAMs from M2 to M1 phenotype, which was later 
confirmed (Fig. 8E-F).

In summary, transcriptional analysis of mouse 
TAMs treated with M2pep-Cs-Cur NPs revealed 
737 DEGs, with gene functions related to immune 
response and inflammation regulation being 
enriched. The analysis results indicate that the treat-
ment enhances the crucial roles of MΦ in cell cycle 
regulation and metabolic control, suggesting poten-
tial anti-tumor mechanisms. Furthermore, treatment 
with M2pep-Cs-Cur NPs led to the downregulation 
of COX-2 gene expression, confirming their ability 
to induce the transition of TAMs from the M2 to the 
M1 phenotype. These findings provide molecular 
evidence for NP-mediated TAM reprogramming.

Discussion

TNBC is recognized as an exceptionally aggres-
sive cancer subtype with restricted treatment choices 
compared to other breast cancer types, leading to a 
dismal prognosis (Lee et al. 2021). Within the TME 
of TNBC, MΦ, also known as TAMs, play a critical 
role (Pal et al. 2021; Wang et al. 2021a, b, c; Li et al. 
2022a, b, c, d). Research has demonstrated that the 
M2 phenotype of TAMs is significantly linked to can-
cer progression, spread, and evasion of the immune 
system (Chen et al. 2022a, b, c; Ji et al. 2022; Zhang 
et  al. 2023a, b, c, d). However, traditional treatment 
strategies often overlook these cells in the micro-
environment. Therefore, the development of new 
strategies, particularly focusing on modulating the 
polarization state of TAMs to treat TNBC, is crucial 
(Pu and Ji 2022, Li et al. 2022a, b, c, d; Tang et al. 
2023). Although Cur has shown immunomodulatory 
potential, its application in targeting TAMs in TNBC 
remains underexplored. Moreover, clinical use of Cur 
is limited by its low solubility and bioavailability 
(Hafez Ghoran et al. 2022). This study demonstrates 
a novel approach to inhibit tumor growth by repro-
gramming M2-type TAMs through an NP delivery 
system designed to target these specific cells within 
the TME.

The M2pep-Cs-Cur NPs used in this study were 
designed as a Cs-based carrier system incorporat-
ing a specific targeting peptide (M2pep) and Cur 
(Han et al. 2023, 2021). This design ensures efficient 
drug loading and stable release, while the incorpora-
tion of M2pep allows the NPs to specifically target 
M2-polarized TAMs. Compared to earlier research 
studies focusing on Cur’s effects on MΦ polarization 
and associated diseases, this approach demonstrates 
superior specificity and targeting efficiency (Bai et al. 
2016, Guo et al. 2023a, b, Huang et al. 2024) (Fig. 9). 
In comparison to traditional anti-tumor treatments, 
this strategy minimizes toxicity to normal tissue cells 
while enhancing anti-tumor efficacy. Unlike con-
ventional approaches that directly target tumor cells 
using immune modulators or small molecules, this 
study employs modulation of immune cells within the 
TME, offering a novel strategy for TNBC treatment. 
Moreover, the pH-sensitive properties of the NPs ena-
ble effective drug release in the acidic TME, surpass-
ing the limitations of traditional therapies. This speci-
ficity allows the M2pep-Cs-Cur NPs to reprogram 

Fig. 7   M2pep-Cs-Cur NPs induce TAMs reprogramming 
to suppress TNBC growth, invasion, and immunoresistance. 
Note: A Tumor weight changes in each group of mice; B 
Immunohistochemical detection of Ki-67 and PCNA expres-
sion in tumor tissues (scale = 50  μm); C Flow cytometric 
analysis of MΦ M1 and M2 markers in tumors; D Expres-
sion detection of COX-2, IL-17, and TNFα in tumor tissues of 
each group of mice; E Changes in body weight of mice in each 
group; F H&E staining results of heart, liver, spleen, lungs, 
and kidneys in each group of mice (scale = 100 μm); G Evalu-
ation of liver function indicators (ALT, AST) in each group of 
mice; H Assessment of cardiac function indicators (CK, LDH) 
in each group of mice; I Examination of renal function indi-
cators (CREA, urea) in each group; *P < 0.05, **P < 0.01, 
***P < 0.001; n = 6 for each group
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the polarization of MΦ in the TME, thus modulating 
the distribution of immune cells and enhancing the 
effectiveness of anti-PD-L1 medications. The combi-
nation of M2pep-Cs-Cur NPs with anti-PD-L1 anti-
bodies pointed out synergistic effects in suppressing 
tumor growth and immune evasion. This combination 
therapy not only strengthened the immune response 
against tumors but also remodeled the TME by alter-
ing TAM polarization. Compared to single-modality 
treatments reported in other studies (Abdou et  al. 
2022; Liu et al. 2023), this approach showed signifi-
cantly enhanced therapeutic potential.

COX-2 is responsible for producing prostaglan-
dins such as prostaglandin E2 (PGE2), which are 
released into the TME by M2-polarized MΦ. These 
prostaglandins promote resistance to apoptosis, inva-
sion, metastasis, and immune evasion in tumor cells 
(Hashemi Goradel et al. 2018). By utilizing bioinfor-
matics tools, this study not only identified key genes, 
such as COX-2, through which Cur influences the 
polarization of TAMs, but also revealed the direct 
interaction between Cur and these genes using molec-
ular docking techniques. Implementing this approach 
has broadened our comprehension regarding the pro-
cess of medication impact and enhanced the accuracy 
of specialized treatment. Furthermore, this approach 
indicates that by integrating traditional pharmacologi-
cal research with modern bioinformatics methods, a 
more comprehensive exploration and validation of the 
potential mechanisms of new drugs can be achieved.

In TNBC, the growth, invasion, and immune 
escape of tumors are boosted by M2-polarized TAMs 
which secrete cytokines including IL-10 and TGF-β. 
These factors facilitate immune surveillance evasion, 
angiogenesis, and resistance to therapies within the 
TME (Liu et al. 2024; Huo et al. 2022). Studies have 
shown that reprogramming TAMs from the M2 to the 

M1 phenotype can effectively suppress tumor growth 
and invasion (Fernando et al. 2023). The immune sys-
tem’s capacity to identify and remove tumor cells is 
heightened by M1 MΦ, which secrete pro-inflamma-
tory cytokines including IL-12 and TNF-α (Ren et al. 
2024). The IL-17 as well as TNF signal pathways are 
crucial in driving the transition of MΦ towards the 
M1 phenotype through stimulation of the generation 
of inflammatory agents (Schinocca et al. 2021; Wang 
et  al. 2022a, b, c). Developing therapeutic strategies 
that facilitate this reprogramming has become a key 
focus in TNBC research (Bill et al. 2023; Hao et al. 
2022; Wang et al. 2022a, b, c). This approach not only 
provides an alternative to overcome drug resistance 
in traditional treatments but also improves immune-
mediated tumor clearance. In this study, in  vivo 
experiments demonstrated that M2pep-Cs-Cur NPs 
effectively induced M2 MΦ reprogramming. When 
combined with anti-PD-L1 therapy, the NPs exhibited 
a strong synergistic effect (Fig. 7A-B), enhancing the 
efficacy of PD-L1 blockade and potentially address-
ing PD-L1 resistance. The integration approach could 
hold substantial implications in enhancing the sur-
vival rates and lifestyle quality for individuals with 
TNBC in upcoming clinical scenarios. Therefore, 
novel scientific perspectives are provided in this 
investigation as it explains the involvement of TAMs 
in tumor advancement, while also proposing innova-
tive therapeutic objectives and methodologies for 
treatment-resistant TNBC in clinical scenarios.

While the results of this study are encourag-
ing, there are some limitations to consider. First, 
the study utilized a TNBC xenograft mouse model, 
which, although to some extent, can simulate human 
disease, still lacks the complexity of human TNBC, 
thus requiring further validation of its clinical rel-
evance in human studies. Secondly, although NPs 
have demonstrated good targetability and efficacy, 
the biological safety implications over an extended 
period and the likelihood of immune reactions have 
not been sufficiently researched. Moreover, the high 
production costs and technical requirements of NPs 
may impact their feasibility for widespread clinical 
applications. In this study, glutaraldehyde was used 
as a crosslinker during Cs NP preparation based on 
previous literature (Zhou et  al. 2014). Although no 
significant tissue toxicity was observed in short-term 
experiments, this might be attributed to the low dose 
and short duration. Future clinical applications will 

Fig. 8   Transcriptomic sequencing reveals key pathway 
changes in M2pep-Cs-Cur NPs targeting TAMs reprogram-
ming. Note: A Schematic overview of transcriptomic sequenc-
ing in TNBC mouse tissues; B Volcano plot analysis of DGEs 
in untreated (Control, n = 3) and treated (Treat, n = 3) groups 
with M2pep-Cs-Cur NPs, with red dots indicating significantly 
upregulated genes, green dots representing significantly down-
regulated genes, and black dots denoting genes with no sig-
nificant difference; C Bubble chart for DEGs GO analysis; D 
Bubble chart for DEGs KEGG analysis; E Expression levels of 
COX-2 gene in transcriptomic sequencing data; F Expression 
levels of genes related to MΦ M1 and M2 phenotypes in tran-
scriptomic sequencing data; n = 3 for each group
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require the optimization of crosslinking methods. 
Literature has reported that Cs/lecithin NPs are ideal 
carriers for hydrophilic and hydrophobic compounds, 
capable of enhancing anti-tumor activity through 
encapsulation via electrostatic interactions (Rafiee 
and Rezaee 2021; Ning et al. 2023). The development 
of Cur-loaded Cs/lecithin NPs using self-assembly 
techniques (Yu et al. 2024) may serve as a potential 
direction for optimizing future drug designs. Fur-
ther optimization of synthesis conditions, such as 
the conjugation time of M2pep, is also necessary, as 
prolonged coupling may affect M2pep activity. Alter-
native methods, such as the "Michael addition reac-
tion at RT for 4 h" (Zhang et al. 2023a, b, c, d), could 
be explored for M2pep coupling. Finally, the high 

production cost and technical requirements of NP 
synthesis could limit their feasibility for widespread 
clinical use. Future research should focus on cost-
effective methods to enable broader application.

Ahead research has a responsibility to tackle the 
shortcomings of the current examination through 
structuring clinical experiments aimed at confirming 
the efficacy and safety of this pioneering NP therapy 
in patients with TNBC. Additionally, research should 
aim to further optimize the design of NPs, enhancing 
their stability and biocompatibility while reducing 
potential side effects. Furthermore, exploring the pos-
sibilities of combining this therapy with other treat-
ment modalities, such as radiotherapy and chemother-
apy, as well as investigating similar mechanisms of 

Fig. 9   M2pep-Cs-Cur NPs target COX-2 to reverse TAMs M2 polarization and inhibit immunotherapy resistance in TNBC
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TAM polarization in different tumor types, may open 
up broader applications in treatment. Through these 
studies, enhanced understanding and strategic utiliza-
tion of the TME in cancer therapy can significantly 
elevate treatment efficacy, providing a ray of hope for 
cancer patients.

Conclusion

This study successfully developed M2pep-Cs-Cur 
NPs, a novel targeted delivery system that effectively 
reprograms TAMs from an M2 to M1 phenotype in 
the TME of TNBC. The NPs demonstrated signifi-
cant anti-tumor effects, encompassing the hindrance 
of TNBC cell proliferation, migration, and invasion, 
as well as enhancement of sensitivity to anti-PD-L1 
therapy in both in vitro and in vivo models. Through 
bioinformatics analysis and molecular docking, 
COX-2 was identified as a critical target of Cur, influ-
encing TAM reprogramming via the TNF and IL-17 
pathways. This study not only provides a promising 
therapeutic strategy to overcome immunotherapy 
resistance in TNBC but also highlights the potential 
of nanotechnology-based approaches to advance can-
cer treatment by targeting the TME.
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