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Background: Paclitaxel is a cornerstone of breast cancer treatment, but its efficacy is often limited by low response rates and drug
resistance. To address this, we developed MEVs@CUuET, a novel therapeutic approach combining cuproptosis-inducing copper(Il)
complex (CuET) with macrophage-derived extracellular vesicles (MEVs), aiming to enhance paclitaxel’s antitumor effects.
Methods: The tumor-targeting capability of MEVs@CuET was evaluated through cellular uptake and in vivo distribution studies. In
vitro synergy was assessed using the ZIP model, while transcriptome sequencing analyzed gene expression changes. In vivo antitumor
activity and immune modulation were examined in breast cancer models, with tumor growth inhibition, apoptosis, and Th17
lymphocyte levels measured.

Results: MEVs@CUuET demonstrated efficient tumor targeting and synergistic antiproliferative effects with paclitaxel in vitro
(synergy score: 29.37). Transcriptomic analysis revealed significant alterations in immune-related pathways, particularly upregulation
of the IL-17 signaling pathway. In vivo, the combination therapy markedly inhibited tumor growth, increased apoptosis, and elevated
Th17 cell levels, aligning with the transcriptomic findings.

Conclusion: MEVs@CUuET significantly enhances paclitaxel’s efficacy by inducing cuproptosis and modulating antitumor immunity,
offering a promising strategy to overcome resistance in breast cancer treatment.
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Introduction

Breast cancer remains one of the most frequently diagnosed malignancies among women worldwide, with high morbidity
and mortality rates.' > Despite advances in targeted therapies and immunotherapy-such as HER2-targeted agents and
immune checkpoint inhibitors-chemotherapy continues to serve as a cornerstone of treatment, especially for patients with
advanced or triple-negative disease. Among chemotherapeutic agents, paclitaxel plays a central role due to its micro-
tubule-stabilizing properties, which induce G2/M phase cell cycle arrest and promote apoptosis.*> However, its clinical
utility is often limited by the development of drug resistance and dose-limiting toxicities, including neurotoxicity and
myelosuppression.®® This challenge is particularly prominent in triple-negative breast cancer, an aggressive subtype that
lacks effective therapeutic targets, relies heavily on paclitaxel, yet frequently encounters resistance with limited targeted
options available.”'” This unmet clinical need underscores the urgency for developing novel combination strategies that

can enhance the sensitivity and efficacy of paclitaxel.
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One promising approach involves leveraging novel forms of regulated cell death to sensitize tumor cells to
conventional chemotherapeutics. Cuproptosis, a recently identified copper-dependent form of cell death, has attracted
increasing attention in cancer research.''”'® This mechanism relies on the accumulation of intracellular copper ions,
which bind to lipoylated proteins in the tricarboxylic acid (TCA) cycle, leading to protein aggregation, mitochondrial
dysfunction, and proteotoxic stress.'* Given that many cancer cells, particularly those rich in mitochondria, are highly
sensitive to oxidative and proteotoxic stress, cuproptosis represents a potentially selective and effective anti-tumor
strategy.'>"'” Immunogenic cell death (ICD), such as that induced by certain chemotherapeutic agents or metal-based
compounds,'® can stimulate the release of damage-associated molecular patterns (DAMPs), which activate dendritic cells
and initiate adaptive immune responses.'”>* Notably, emerging evidence suggests that cuproptosis, beyond its direct
cytotoxic effects, can function as a potent trigger of immunogenic cell death (ICD).>* The process is associated with the
exposure of calreticulin (CRT) and the release of high-mobility group box 1 (HMGBI), which are crucial DAMPs for
dendritic cell maturation and subsequent T cell activation.”> This link provides a strong mechanistic foundation for the
potential of cuproptosis inducers like CuET to not only kill tumor cells but also to stimulate an adaptive anti-tumor
immune response. Thus, combining cuproptosis with paclitaxel could synergistically inhibit tumor growth through both
direct cytotoxic effects and immune activation. However, achieving sufficient intracellular copper concentrations without
inducing systemic toxicity remains a major barrier to its clinical application. Therefore, developing safe and efficient
delivery systems capable of targeting copper-based compounds specifically to tumor cells is essential.

To address this challenge, recent advances in nanotechnology have led to the development of biomimetic drug
delivery platforms, particularly extracellular vesicles (EVs), which offer unique advantages over synthetic
nanoparticles.”® EVs derived from macrophages (MEVs) are especially promising due to their intrinsic biocompatibility,
prolonged circulation time, and natural ability to target inflammatory and tumor sites.”’>° Macrophages play a central
role in immune surveillance and inflammation, and their secreted vesicles retain key surface receptors and signaling
molecules that facilitate tumor homing and immune evasion.>*>* Additionally, MEVs are less likely to trigger immune

clearance compared to synthetic carriers,®>>°

making them ideal candidates for targeted therapy. By engineering MEVs
to carry cuproptosis-inducing agents, it may be possible to achieve localized and sustained tumor cell death while
minimizing off-target effects.

In light of these considerations, we designed a therapeutic strategy based on macrophage-derived extracellular
vesicles loaded with CuET (MEVs@CuET), a small-molecule cuproptosis inducer, which could selectively deliver
CuET to breast cancer cells, elevate intracellular copper levels, and thereby induce cuproptosis. To investigate its
potential to enhance chemosensitivity, MEVs@CuET was combined with paclitaxel to evaluate the synergistic antitumor
effect, as illustrated in Scheme 1. The synergistic efficacy of MEVs@CUuET and paclitaxel was first verified in vitro using
breast cancer cell lines, followed by evaluation of key cuproptosis-related signaling pathways to confirm the mechanism
of action. RNA-Seq technology was subsequently used to screen for differentially expressed genes and signaling
pathways potentially involved in enhancing tumor cell sensitivity to chemotherapy. Finally, the in situ distribution of
MEVs@CuET in 4T1 tumor-bearing mouse models was investigated, and its antitumor efficacy, along with immune
activation effects, was validated in vivo. This study aimed to inspire new strategies for improving the responsiveness of
resistant breast cancers to conventional chemotherapeutic agents through targeted induction of cuproptosis.

Materials and Methods

Materials Preparation

Unless otherwise stated, all chemicals were purchased from commercial suppliers (Beyotime Biotechnology and Thermo
Fisher Scientific) and used without further purification. CCK-8 reagent was obtained from DOJINDO LABORATORIES.
The Annexin V-FITC/PI Apoptosis Detection Kit and Cell Cycle and Apoptosis Analysis Kit were purchased from
Vazyme. Hoechst 33,342 was acquired from KeyGEN BioTECH (Nanjing, China). Rabbit anti-CD14 (F1070) was
sourced from Selleck, and mouse anti-GAPDH (60004-1-IG) was obtained from Proteintech. Goat anti-rabbit IgG
(H&L)-HRP and goat anti-mouse IgG (H&L)-HRP were purchased from Bioworld Technology Co. CD3, CD4, CD45,
and IL-17A flow cytometry antibodies were acquired from BD Biosciences. Paclitaxel was sourced from Selleck, and
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Scheme | Schematic illustration of the synergistic therapeutic enhancement of paclitaxel against triple-negative breast cancer through MEVs@CUET combination therapy.

bis(diethyldithiocarbamate)copper (CuET) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Isoflurane was obtained from Qingdao Oubang Pharmaceutical Technology Co., Ltd. (Batch No.: 20220905). Trypsin,
phosphate-buffered saline (PBS), fetal bovine serum (FBS), and DMEM were obtained from SenBeijia Biological
Technology Co. Deionized water (18.2 MQ cm) from a Milli-Q purification system was used for all preparations.

Cell Lines

The mouse breast cancer cell line (4T1) and mouse embryonic fibroblast cell line (NIH/3T3) used in this study were
obtained from the Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences.
Cells were cultured in DMEM/F-12 medium supplemented with 10% (v/v) FBS, 100 U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in a humidified incubator with 5% CO,. Cells were passaged and experiments were conducted
during the exponential growth phase or at cell densities mentioned in the literature.

The mouse monocyte-macrophage cell line (RAW264.7) was purchased from the Kunming Cell Bank of the Chinese
Academy of Sciences and cultured in high-glucose DMEM supplemented with 10% FBS and 1% penicillin-streptomycin
at 37 °C with 5% CO,. To effectively collect RAW264.7-derived extracellular vesicles, FBS was centrifuged at
55,000 rpm for 120 minutes to remove vesicles, and the entire process was performed under sterile conditions.

Extraction of Macrophage and Red Blood Cell Membranes

Macrophage membranes were extracted from RAW264.7 cells using a freeze-thaw method. RAW264.7 cells were
expanded in high-glucose DMEM, centrifuged at 600 % g for 5 minutes at 4 °C, and the cell pellet was resuspended
in membrane protein extraction reagent containing PMSF. After incubation on ice for over 30 minutes, the cells were
subjected to repeated freeze-thaw cycles (liquid nitrogen and 30 °C) 6—7 times. The lysate was centrifuged at 700 x g for
10 minutes at 4 °C to remove organelles, followed by centrifugation at 14,000 x g for 30 minutes at 4 °C to obtain the
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membrane pellet. The pellet was resuspended in 50-100 pL PBS, and the macrophage membrane (MCM) suspension was
stored at —80 °C after BCA protein quantification.

Red blood cell membranes were extracted using a hypotonic method. Mouse whole blood (3 mL) was centrifuged at
3,000 rpm for 5 minutes, and the plasma, white blood cells, and platelets were discarded. The pellet was washed with 1x
PBS until the supernatant was colorless (typically 3 washes). The pellet was resuspended in 0.25x PBS (1:50 ratio) and
incubated overnight at 4 °C for hypotonic lysis. The lysate was centrifuged at 8,000 rpm for 15 minutes at 4 °C, and the
pellet was washed with 0.25x PBS to obtain a pale pink cell mass. The red blood cell membrane pellet was resuspended
in an equal volume of PBS (100-200 pL) and stored at —80 °C after BCA protein quantification.

Preparation and Characterization of Macrophage-Derived Extracellular Vesicles

The extracted macrophage membranes were sonicated on ice using a low-power ultrasonic probe to form MEVs. Equal
protein concentrations of MCM and MEVs were separated by 10% SDS-PAGE. One portion of the samples was stained
with Coomassie Brilliant Blue, while another portion was transferred to a PVDF membrane. The membrane was pre-
incubated in TBS buffer containing 5% skim milk and 0.05% Tween 20 for 2 hours, followed by overnight hybridization
with CD14 primary antibody at 4 °C. The membrane was then incubated with an appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody for 2 hours. Protein bands were detected using an enhanced chemiluminescence
detection kit.

Preparation of MEVs@CUET and REVs@CUuET

CuET (1 mg) was dissolved in 10 mL of pure water. The extracted macrophage membranes and red blood cell
membranes were mixed with the drug solution in equal volumes, sonicated on ice using a 26 W ultrasonic probe (3
s on, 5 s off for 30s), and extruded through a 600 nm polycarbonate membrane 25 times, followed by extrusion through
a 400 nm polycarbonate membrane 25 times. The mixture was centrifuged at 830 rpm for 15 minutes and then at
3,000 rpm for 10 minutes at room temperature. The supernatant containing the biomimetic nanoparticles was stored at 4
°C. A standard curve for CuET was generated using a Nanodrop spectrophotometer by measuring the absorbance at 290
nm. The absorbance of MEVs@CuET was measured and substituted into the standard curve equation to determine the
CuET concentration.

The encapsulation efficiency (EE) and drug loading capacity (DLC) were calculated using the following equations:

EE (%) = (Amount of CuET in purified MEVs@CuET/Total amount of CuET used in formulation) x 100

DLC (%) = (Weight of CuET in MEVs@CuET/Total weight of MEVs@CuET) % 100

Preparation of MEVs@Dil and REVs@Dil

Dil (2 mg) was dissolved in 1 mL of ethanol and mixed with the membrane solution at a 1:10 ratio. The mixture was
sonicated on ice and extruded through 600 nm and 400 nm polycarbonate membranes 25 times each. The final Dil
concentration in the preparation was 100 pg/mL, as measured using a Spark™ 10 um multimode microplate reader
(Tecan Group Ltd., Ménnedorf, Switzerland).

Preparation of MEVs@CUuET/IR 780 and REVs@CuET/IR 780

IR 780 (2 mg) was dissolved in 1 mL of ethanol and mixed with the membrane solution in equal volumes. The mixture
was sonicated on ice and extruded through 600 nm and 400 nm polycarbonate membranes 25 times each. The preparation
was centrifuged at 830 rpm for 15 minutes and then at 3,000 rpm for 10 minutes at room temperature in the dark. The
supernatant was collected and stored.

Cell Viability Assay (CCK-8 Method)

The effects of MEVs@CuET and REVs@CuET on 4T1 and NIH/3T3 cell proliferation were assessed using the CCK-8
assay. Cells were seeded in 96-well plates at 5 x 10° cells/well and treated with MEVs@CuET (0.1-1.0 pg/mL or
1.0-32.0 pg/mL) or REVs@CuET (0.1-1.0 pg/mL) for 24 and 48 hours. After treatment, 10 uL. of CCK-8 solution was
added to each well, and the plates were incubated for 4 hours. Absorbance was measured at 450 nm using an ELISA
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microplate reader (Spectra Max 190, Molecular Devices, USA). Cell viability was calculated as (experimental group
absorbance — blank absorbance)/(control group absorbance — blank absorbance) x 100%.

Drug Synergy Calculation

The synergistic effects of paclitaxel and MEVs@CuET were evaluated using the CCK-8 assay. The cell inhibition rate
was calculated as (control group absorbance — experimental group absorbance)/(control group absorbance — blank
absorbance) x 100%. The data were imported into SynergyFinder (https://synergyfinder.fimm.fi) in the required format

(drug concentration vs cell survival/inhibition rate matrix). The ZIP model was selected, and parameters such as drug
names and concentration units were input to calculate synergy scores, generate heatmaps, 3D plots, and dose-response
curves.

Cellular Uptake Assay

The uptake of MEVs@Dil and REVs@Dil by 4T1 cells was assessed using fluorescence microscopy. Cells were seeded
in confocal dishes and cultured for 24 hours. After incubation with MEVs@Dil or REVs@DiIl for 2, 4, and 6 hours, cells
were washed with PBS, fixed with 4% paraformaldehyde for 10 minutes, and stained with DAPI for 10 minutes. Cells
were preserved in phosphate buffer and observed under a fluorescence microscope (Leica THUNDER Imager Live Cell).
Each experiment was performed in triplicate.

Live/Dead Cell Staining and Flow Cytometry Analysis

Cells were seeded in 12-well plates and cultured for 24 hours. After treatment with paclitaxel, MEVs@CuET, or the
combination, cells were stained with calcein-AM/PI (Beyotime Biotechnology) and observed under a fluorescence
microscope (Leica THUNDER Imager Live Cell). For flow cytometry, cells were seeded in 6-well plates and treated
as described above. Floating and adherent cells were collected, stained with calcein-AM/PI, and analyzed using
a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, USA). Data were analyzed using FlowJo V10
software and expressed as mean = SD (n = 3).

Apoptosis Analysis by Flow Cytometry

Apoptosis was assessed using the Annexin V-FITC/PI Kit. Cells were treated as described, collected, and stained with
Annexin V-FITC/PI. After 30 minutes of incubation, cells were analyzed using a FACSCalibur flow cytometer. Data were
analyzed using FlowJo V10 software and expressed as mean + SD (n = 3).

RNA Sample Preparation and Library Construction for Sequencing

Total RNA was extracted from 4T1 cells using TRIZOL after treatment with paclitaxel, MEVs@CuET, or the combina-
tion. RNA concentration, purity (A260/A280 ratio: 1.8-2.1), and integrity (RIN > 8.0) were assessed using a Nanodrop
spectrophotometer and Agilent Bioanalyzer. RNA libraries were constructed using the Illumina TruSeq RNA Library
Prep Kit and sequenced on an Illumina NovaSeq 6000 (paired-end, PE150).

Transcriptome Sequencing Data Analysis
Raw sequencing data were processed using fastp (https://github.com/OpenGene/fastp) to remove adapter sequences, low-

quality bases, and reads with >10% N content. Clean data were subjected to quality assessment, including base error rate
and content distribution analysis.
Clean reads were aligned to the reference genome using HISAT2 (http://ccb.jhu.edu/software/hisat2/index.shtml).

Alignment quality was assessed based on sequencing saturation, gene coverage, and read distribution across genomic
regions and chromosomes.
Gene and transcript expression levels were quantified using RSEM (http://deweylab.github.io/RSEM/). Read counts

were used for subsequent differential expression analysis.
Differentially expressed genes (DEGs) were identified using DEGseq (https://www.rdocumentation.org/packages/
DEGseq/versions/1.26.0). Genes with FDR < 0.05 and [log2FC| > 1 were considered DEGs.
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DEGs were annotated and enriched using GO (http://geneontology.org/), KEGG (https://www.genome.jp/kegg/), and

Reactome (https://reactome.org) databases. Enrichment analysis was performed using Goatools (https://github.com/

tanghaibao/GOatools), Python scipy (https://scipy.org/install/), and Reactome’s hypergeometric test.

Vitro Assays for IL-17 and Th17 Cell

Spleens were harvested from euthanized mice, homogenized in PBS, filtered through a 70 um cell strainer, and treated
with ACK lysis buffer to remove red blood cells. Lymphocytes were resuspended in complete medium.

Splenic lymphocytes were stained with CD3, CD4, CD45, and IL-17A antibodies, fixed, permeabilized, and analyzed
using a CytoFLEX S flow cytometer (Beckman). Data were analyzed using FlowJo V10 software.IL-17 levels in serum
and cell culture supernatants were measured using a mouse IL-17 ELISA kit (Jiangsu Enzyme Immunoassay).
Absorbance was measured at 450 nm using a microplate reader (Spectra Max 190, Molecular Devices, USA).

Biodistribution Analysis

MEVs@CuET/IR 780 and REVs@CuET/IR 780 were injected into 4T1 tumor-bearing mice via the tail vein. In vivo
NIR imaging was performed at 2, 4, 8, 12, and 24 hours post-injection using a Calper IVIS Lumina II imaging system.
Fluorescence intensity in tumors and organs was quantified.

Vivo Antitumor Assays

For the in vivo efficacy study, tumor-bearing mice were randomly assigned to the different treatment groups. The
investigator responsible for tumor volume measurements and endpoint tissue collection was blinded to the group
allocation to minimize bias.

Six- to eight-week-old female BALB/c mice were obtained from Jiangsu GemPharmatech Co., Ltd. (Nanjing, China) and
housed under specific pathogen-free (SPF) conditions in a controlled environment with a 12-hour light/dark cycle (lights on at
7:00 AM), a constant temperature of 22 + 2°C, and relative humidity of 50% + 10%. The mice were provided with ad libitum
access to standard laboratory rodent chow and autoclaved drinking water. All animal experiment protocols using mice were
approved by the Animal Ethics Committee of Nanjing First Hospital (Nanjing, China, DWSY-24136592) and in accordance
with the guidelines for the Care and Use of Laboratory Animals published by the United States National Institutes of Health. All
animals were uniformly anesthetized via inhalation of isoflurane (5% for induction, 2% for maintenance) prior to any surgical
procedures or euthanasia. The absence of a pedal reflex was confirmed as an indicator of achieving a surgical plane of
anesthesia. At the experimental endpoint, animals under deep anesthesia were euthanized by cervical dislocation. Death was
confirmed by the permanent cessation of heartbeat and respiration. Every effort was made throughout the study to minimize
animal suffering.Orthotopic 4T1 breast cancer models were established in female BALB/c mice. Mice were randomized into
four groups (n = 6): 1) PBS, 2) paclitaxel monotherapy, 3) MEVs@CuET monotherapy, and 4) combination therapy. Treatments
were administered via tail vein injection for 7 days. Tumor volume and body weight were monitored every other day. On day 28,
mice were euthanized, and tumors were excised for H&E, IHC, TUNEL, and immunofluorescence staining.

Blood samples from treated mice were analyzed for routine blood parameters, AST, ALT, urea, creatinine, and CK-
MB levels. Major organs were collected for histological examination (H&E staining).

Statistical Analysis

Sample sizes were determined based on established standards and previous studies in the field, and were consistent with
or exceeded those reported in comparable preclinical studies to ensure robust detection of treatment effects. Data were
analyzed using GraphPad Prism 9. Results are expressed as mean + SD. One-way ANOVA with Tukey’s post hoc test
was used for multiple comparisons. Unpaired two-tailed t-tests were used for comparisons between two groups.
Significance levels: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS: not significant.
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Results and Discussion

Preparation and Physicochemical Characterization of MEVs for Efficient Targeting of
TNBC Cells

Macrophages possess a natural tropism toward inflammatory and tumor sites, exhibiting high affinity for TNBC tumor
cells, > offering a compelling therapeutic platform for cancer treatment given their superior biocompatibility, immune
evasion properties, targeted delivery efficiency, drug protection capacity, multifunctional adaptability, controlled release
kinetics, and facile preparation.*'**> Therefore, this study propose the concept of utilizing macrophage membranes to
prepare vesicles. This study treated macrophage cells in the logarithmic growth phase using a rapid freeze-thaw method,
followed by ultrasonic treatment to lyse the cell membranes, yielding a large quantity of MEVs. To validate the
preservation of native proteins in the extracted membranes, initially conducted Coomassie Brilliant Blue staining on
the prepared vesicles. The results confirmed that the membrane-derived extracellular vesicles (MEVs) maintained
structural integrity of membrane proteins, as demonstrated in Figure la. Subsequently, employed Western blot analysis
using CD14, a macrophage-specific surface marker protein, to verify protein enrichment on the vesicular membranes.
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Electrophoresis and quantification of membrane proteins from RAW264.7 cell membranes and extracellular vesicles. Data are presented as mean = SD (n = 3). (d and e)
Zeta potential measurements of MEVs@CUET and REVs@CUET. (f) TEM and Particle size distribution of MEVs@CUET. Scale bar: 100 nm. (g) Particle size distribution of
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REVs@CUET in culture medium over 7 days. Data are presented as mean * SD (n = 3).
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Quantitative analysis of the immunoreactive bands was performed using ImagelJ software, as demonstrated in Figure 1b
and c. In summary, the extracted MEVs maintained the integrity of membrane proteins and exhibited enrichment of
membrane proteins.

The MEVs@CuET with uniform size distribution were successfully fabricated through a combined approach of
ultrasonication-assisted incubation and membrane extrusion of CuET-loaded MEVs. Erythrocyte membrane vesicles
were used as the control group. As illustrated in Figure 1d and e, the zeta potentials of MEVs@CUuET and REVs@CuET
were measured to be —26.14 + 0.60 mV and —16.59 = 0.95 mV, respectively. Meanwhile, the median diameter of
MEVs@CuET was determined to be 197.60 £ 1.11 nm (presented in Figure 1f). The diameter of REVs@CuET was also
relatively uniform, with a median diameter of 197.60 £ 1.87 nm (presented in Figure 1g). Transmission electron
microscopy (TEM) confirmed that MEVs@CuET exhibited typical vesicular structures with distinct lipid bilayers.
Based on the nanoparticle tracking analysis (NTA) results in Figure 1h and i, both MEVs@CuET and REVs@CuET
displayed monodisperse size distributions within the nanoscale range, with MEVs@CuET showing a higher particle
concentration than REVs@CuET. The MEVs@CuET formulation demonstrated an encapsulation efficiency of 78.2 +
4.1% and a drug loading capacity of 6.8 + 0.3%. To further validate the stability, researchers conducted a 7-day in vitro
co-culture experiment.Both MEVs@CuET and REVs@CuET exhibited excellent stability, with no significant changes in
particle aggregation, as demonstrated in Figure 1j. These results indicate that MEVs@CuET demonstrates robust in vitro
stability.

Extracellular vesicles function as natural messengers within cells, facilitating the transport of RNA and proteins
between cells.***** Additionally, EVs exhibit remarkable stability in the bloodstream, enabling them to traverse long
distances within the body under both physiological and pathological conditions.*> Their membrane affinity, coupled with
the expression of various adhesion proteins such as tetraspanins and integrins on their surface, enhances their ability to
fuse with cancer cell membranes and deliver cytotoxic payloads.*®

To evaluate the efficient uptake of MEVs by 4T1 cells, researchers utilized the cell membrane probe Dil as an
indicator to construct MEVs@Dil and REVs@Dil for cell uptake assays and fluorescence co-localization analysis. As
displayed in Figure 2a and b, a significant increase in red fluorescence signal was observed in the cytoplasmic region of
cells treated with MEVs@Dil after 2, 4, and 6 hours of incubation, demonstrating time-dependent cellular uptake.
Furthermore, compared to the control group treated with REVs@Dil, stronger red fluorescence signals were observed in
the MEVs@Dil group at all corresponding time points. Subsequent calculation of the co-localization coefficient using
Imagel software revealed a high degree of correlation for MEVs@Dil, reached 25.59 + 0.15 at 6 hours. Researchers
further validated the efficient uptake of MEVs by 4T1 cells using flow cytometry (as illustrated in Figure 2c and d),
which was consistent with results by confocal images. In summary, MEVs might potentially serve as effective carriers for
CuET delivery and achieving high drug concentrations within tumor cells.

Synergistic Enhancement of Paclitaxel Chemotherapy by MEVs Loaded with CuET in
TNBC

Paclitaxel is one of the cornerstone drugs in breast cancer chemotherapy and serves as a first-line treatment option for all
molecular subtypes and stages of breast cancer, particularly demonstrating significant efficacy against TNBC. By
stabilizing microtubules, paclitaxel inhibits tumor cell division and exhibits notable effects across multiple stages of
cancer treatment.*> However, its clinical benefits are substantially limited due to drug resistance and severe adverse
reactions.®”*” Cuproptosis, a recently identified form of programmed cell death, is characterized by dysregulated
intracellular copper homeostasis.'* The cytotoxic effects arise from excessive copper ions binding to lipid-acylated
components of the tricarboxylic acid (TCA) cycle, ultimately triggering cell death.'* Beyond its direct cytotoxicity,
copper modulates immune cell activity and potentiates antitumor immunity by inducing immunogenic cell death
(ICD).**2 Given their mitochondrial abundance, breast cancer cells exhibit heightened susceptibility to copper-based
agents.'>!” Building on the demonstrated high affinity of MEVs for breast cancer cells, this study further investigates
whether engineered MEVs@CUuET can synergistically enhance the therapeutic efficacy of first-line paclitaxel-based
chemotherapy.
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Figure 2 Targeting Effects of MEVs@CUET on Breast Cancer Cells in vitro. (a and b) Fluorescence microscopy images and semi-quantitative analysis using Image] of 4T |
cells co-incubated with MEVs@Dil and REVs@Dil for 2, 4, and 6 hours. Scale bar: 100 ym. (c and d) Flow cytometry analysis of cellular uptake and semi-quantitative
analysis. Data are presented as mean * SD (n = 3). ***P < 0.001, ****P < 0.0001.

Firstly, the CCK-8 assay was sued to evaluate the cytotoxic effects of paclitaxel, CuET, MEVs@CuET, and
REVs@CuET on the 4T1 breast cancer cell line and calculated their half-maximal inhibitory concentrations (ICs).
Compared to CuET alone, the MEVs-based delivery system exhibited stronger tumor-killing efficacy, whereas the red
blood cell membrane (REVs)-delivered system showed an ICsq similar to that of free CuET. Moreover, as the drug
concentration increased, the cell viability in the MEVs@CuET-treated group declined more rapidly than in the CuET and
REVs@CuET groups. As shown in Figure 3a—d, the ICs, values were determined to be 0.39 pg/mL for paclitaxel, and
0.76 pg/mL, 0.37 pg/mL, and 0.69 pg/mL for CuET, MEVs@CuET, and REVs@CuET, respectively. Additionally, we
assessed the biosafety of MEVs@CUuET on mouse embryonic fibroblast cells (NIH/3T3). The results revealed that even at
a high dose of 32.0 pg/mL MEVs@CuET, >97% of NIH/3T3 cells remained viable (Figure Sla).

The above results confirmed the superiority of the MEVs formulation platform in drug delivery. Furthermore, control
experiments with empty MEVs (Figure S1b) confirmed the absence of carrier-induced cytotoxicity, providing essential
evidence that the observed bioactivity originates specifically from the CuET component. Subsequently, we further
evaluated whether this formulation could synergistically enhance the anti-tumor efficacy of paclitaxel. Based on the
ICso values of paclitaxel and MEVs@CuET, researchers established a series of drug concentrations and combination
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Figure 3 Anti-Tumor Effects of MEVs@CUET and their Synergistic Interaction with Paclitaxel. (a-d) Cell viability was measured using the CCK-8 assay to calculate the half-
maximal inhibitory concentration (ICsp) of paclitaxel, CuET, MEVs@CUET, and REVs@CUET on the breast cancer 4T | cell line. Data are presented as mean * SD (n = 6). (e)
Heatmap of the cell inhibition rates of 4T| cells treated with varying concentrations and ratios of paclitaxel and MEVs@CUET, as measured by the CCK-8 assay. (f) Synergy
heatmap of the combined effects of paclitaxel and MEVs@CUET, calculated using SynergyFinder 3.0. Data are presented as mean * SD (n = 3).

ratios with 10% intervals. The cell inhibition rates were then quantitatively evaluated using the CCK-8 assay, and the
corresponding data (including inhibition rates and drug concentrations) were formatted and imported into SynergyFinder
3.0 (https://synergyfinder.fimm.fi) for analysis.SynergyFinder is a freely available web tool for interactive analysis and

visualization of multi-drug combination response data.’*> In this study, researchers employed the ZIP model for
analysis, where higher synergy scores indicate stronger synergistic effects. Scores greater than 10 represent significant
synergy, scores between —10 and 10 indicate no significant interaction, and scores below —10 denote significant
antagonism.

Based on the results from SynergyFinder, the dose-response curves for paclitaxel and MEVs@CuET are represented
in Figure S2a and S2b, consistent with the ICs, values calculated in previous experiments. The tumor-killing efficacy of
the combination therapy was significantly stronger than that of either drug alone, with the effect increasing at higher drug
concentrations, as shown in Figure 3e, where deeper red indicates stronger cell inhibition. The ZIP model calculated
a synergy score of 29.37 (p < 0.05), with the highest regional synergy score reaching 41.73, as presented in Figure 3f and
Figure S3, provide a more intuitive visualization of the synergistic effects at different doses and ratios. The heatmap
shows predominantly red regions, with deeper red at higher concentrations, indicating stronger synergy. The 3D plot also

10 https: International Journal of Nanomedicine 2026:21


https://synergyfinder.fimm.fi
https://www.dovepress.com/article/supplementary_file/570540/Supplementary%20material.docx
https://www.dovepress.com/article/supplementary_file/570540/Supplementary%20material.docx
https://www.dovepress.com/article/supplementary_file/570540/Supplementary%20material.docx

Guo et al

demonstrates that the synergistic effect increases with concentration. These findings suggest that MEVs@CuET and
paclitaxel exhibit synergistic effects, with the synergy becoming more pronounced at higher concentrations, likely
through complementary mechanisms that enhance therapeutic efficacy.

The results of preliminary experiments confirmed the synergistic effects of combining MEVs@CuET with paclitaxel.
Therefore, researchers selected a dose with a high synergy index and appropriate drug concentrations for investigating
antitumor drug efficacy in vitro, with paclitaxel and MEVs@CuET concentrations set at 0.13 pg/mL and 0.25 pg/mL,
respectively. After treating 4T1 cells with the selected combination dose, researchers performed live/dead cell staining
using calcein-AM/PI and observed the cells under a fluorescence microscope, as evidenced by Figure 4a and b. In the
control group, tumor cells exhibited strong viability, with almost all cells displaying green fluorescence and minimal dead
cells. Compared to the paclitaxel and MEVs@CuET monotherapy groups, the combination therapy group showed
significantly more dead cells. Semi-quantitative analysis using ImageJ software revealed that the average optical density
of viable 4T1 cells in the MEVs@CuET, paclitaxel monotherapy, and combination therapy groups was 68.00 £ 2.00%,
75.30 + 1.53%, and 51.67 + 2.08%, respectively.

Subsequently, researchers evaluated the apoptotic effects of paclitaxel, MEVS@CuET monotherapy, and their
combination by FACS at 24 hours-post administration. Flow cytometry analysis showed that the control group had an
average apoptosis rate of 6.17 = 0.37%, while the MEVs@CuET and paclitaxel monotherapy groups exhibited average
apoptosis rates of 32.20 + 1.41% and 32.17 £ 0.25%, respectively. In contrast, the combination therapy group
demonstrated a significantly higher average apoptosis rate of 54.33 £ 0.87% (p < 0.0001), as shown in Figure 4c
and d. In summary, the combination of MEVs@CuET with paclitaxel exhibited significantly stronger anti-tumor effects
compared to monotherapy and effectively promoted tumor cell apoptosis.

Integrated Transcriptomic and Functional Analysis Unveils Immune-Related
Mechanisms of Synergistic Therapy with MEVs@CUET and Paclitaxel

To further explore the potential mechanisms by which the combination of MEVs@CuET and paclitaxel enhances anti-
tumor efficacy, researchers performed transcriptome sequencing and bioinformatics analysis. In brief, 4T1 breast cancer
cells were treated with paclitaxel, MEVs@CuET, or their combination and the total RNA was extracted after 24 hours.
Library construction was performed using the Illumina® Stranded mRNA Prep, Ligation method, followed by sequencing
on the NovaSeq X Plus platform. High-quality sequencing data (clean data) were obtained after filtering the second-
generation high-throughput sequencing data for subsequent analysis. The paclitaxel monotherapy group was set as the
control.

Volcano plot analysis revealed a total of 1,003 differentially expressed genes (DEGs) between the PTX and
combination therapy groups, including 196 upregulated and 807 downregulated genes (Figure 5a). The heatmap further
confirmed significant genetic differences between the two groups (Figure S4). Subsequently, Gene Ontology (GO), Kyoto
Encyclopedia of Genes and Genomes (KEGG), and Reactome Pathway Browser databases were used to analyze the
biological processes, metabolic pathways, and pathways enriched by the DEGs. GO analysis indicated that the DEGs
were primarily enriched in molecular functions and biological processes such as nucleosome assembly, nuclease activity,
and viral entry into host cells (Figure 5b). Reactome analysis revealed significant enrichment of DEGs in pathways
related to chromatin modification, DNA repair, and epigenetic regulation (Figure 5¢), suggesting that these genes may be
involved in regulating chromatin structure, DNA repair, and epigenetic processes. KEGG analysis, represented by
a bubble plot, showed that the DEGs were mainly enriched in pathways related to immune regulation, inflammatory
responses, and autoimmune diseases. Notably, the cytokine-cytokine receptor interaction pathway and the IL-17 signal-
ing pathway were prominently enriched (Figure 5d), indicating that the DEGs may play a role in immune regulation,
inflammatory responses, and the pathogenesis of autoimmune diseases.

Based on these findings, in vitro investigations were conducted to examine the IL-17 cytokine signaling pathway
under different drug treatments. Specifically, IL-17 levels and Th17 cell populations were measured, with the detailed
experimental protocol illustrated in Figure Se. Initially, lymphocytes were isolated from the spleens of healthy mice and
subsequently cultured in conditioned medium from drug-treated 4T1 cells. After 48 hours, the supernatant was collected,
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Figure 4 Anti-Tumor Effects of MEVs@CUET in Combination with Paclitaxel in vitro. (a) 4T| cells were treated with 0.13 pg/mL paclitaxel and 0.25 pg/mL MEVs@CuET
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therapy for 24 hours, as assessed by flow cytometry. Data are presented as mean * SD (n = 3). ***P < 0.0001.
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Figure 5 MEVs@CUET Enhances the Anti-Tumor Efficacy of Paclitaxel Through Immunomodulation. (a) Volcano plot of differentially expressed genes (DEGs) in 4T | cells
treated with paclitaxel (PTX) monotherapy versus combination therapy. (b) GO enrichment analysis of DEGs in 4T cells treated with PTX monotherapy versus
combination therapy. (c) Reactome enrichment analysis of DEGs in 4T| cells treated with PTX monotherapy versus combination therapy. (d) KEGG enrichment analysis
of DEGs in 4T | cells treated with PTX monotherapy versus combination therapy. (e€) Schematic diagram of the in vitro experimental design for investigating IL-17 cytokine
signaling pathway regulation under different drug treatments. (f) ELISA measurement of IL-17 levels in the supernatant of cultured splenic lymphocytes from healthy mice.
(g and h) Flow cytometry detection and quantification of Th17 cell levels in splenic lymphocytes from healthy mice after incubation with conditioned media from drug-
treated 4T | cells. Data are presented as mean = SD (n = 6). **P < 0.01, ****P < 0.0001.
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and IL-17 levels were measured using enzyme-linked immunosorbent assay (ELISA). As represented in Figure 5f, the
combination therapy group exhibited significantly higher IL-17 levels compared to the paclitaxel monotherapy group (p <
0.01). The average IL-17 concentrations in the control, MEVs, MEVs@CuET, paclitaxel, and combination therapy
groups were 14.39 £ 0.61 pg/mL, 16.18 + 2.22 pg/mL, 21.90 + 1.50 pg/mL, 18.54 + 0.94 pg/mL, and 24.42 + 3.49 pg/
mL, respectively. Additionally, researchers performed flow cytometry on the cultured mouse splenic lymphocytes after
48 hours. Lymphocytes were labeled with surface antibodies against CD3, CD4, and CD45, followed by permeabilization
and staining with an IL-17 antibody to detect Th17 lymphocytes. As shown in Figure 5g and h, the combination therapy
group showed a significant increase in Th17 lymphocyte levels compared to the paclitaxel monotherapy group (p <
0.0001). The average Th17 lymphocyte percentages in the control, MEVs, MEVs@CuET, paclitaxel, and combination
therapy groups were 0.88 + 0.11%, 1.28 £0.21%, 3.73 £0.31%, 2.11 £ 0.23%, and 5.40 + 0.48%, respectively, consistent
with the observed IL-17 concentration trends. IL-17, a pivotal pro-inflammatory cytokine predominantly secreted by
Th17 cells, plays crucial roles in diverse pathological conditions including autoimmune diseases, infectious diseases,
malignancies, cardiovascular disorders, and respiratory ailments.’®>° Emerging evidence indicates that IL-17 potentiates
anti-tumor immune responses through recruitment and activation of immune cells (eg, neutrophils and T lymphocytes).
Furthermore, it may suppress regulatory T cell (Treg) function, thereby relieving their inhibitory effects on effector
T cells.®® Collectively, these results suggest that MEVs@CuET enhances the anti-tumor effects of paclitaxel by
modulating the IL-17 signaling pathway.

Spatial Distribution Patterns of MEVs@CUET in vivo
Regarding the affinity of MEVs to TNBC and their synergistic anti-tumor effect with paclitaxel, the above experiments
have been verified in vitro. In order to further evaluate whether MEVs@CUET can exhibit better therapeutic effects
in vivo, the characteristics of the in vivo distribution of MEVs were first studied. The near-infrared probe IR-780 was
used to label MEVs@CUuET and REVs@CuET, with unbound IR-780 as control. Biodistribution was tracked at 2—
24 h after tail vein injection.

As shown in Figure 6a and b, MEVs@CuET/IR 780 exhibited significant accumulation at the tumor site within
2 hours, with fluorescence intensity increasing over time. The highest fluorescence intensity at the tumor site was
observed at 24 hours. In contrast, REVs@CuET/IR 780 showed delayed and weaker fluorescence, with minimal
accumulation at the tumor site only after 12 hours. Subsequently, tumor tissues and organs were excised to examine
the distribution patterns of MEVs@CuET. As shown in Figure 6a and c, the isolated tumor tissues displayed the highest
fluorescence intensity for MEVs@CuET, with concentrations 2.16-fold higher than the REVs@CuET/IR 780 group and
4.38-fold higher than the IR 780 group. Furthermore, fluorescence signals were predominantly localized in tumor tissues
with minimal distribution in major organs.These results demonstrate the ability of MEVs@CuET to accumulate at tumor
sites, thereby avoiding off-target effects and reducing systemic adverse reactions.

In vivo Antitumor Efficacy and Immune Modulation by MEVs@CUuET Combined with
Paclitaxel in an Orthotopic TNBC Mouse Model

An orthotopic 4T1 breast cancer model was established in BALB/c mice by injecting 4T1 cells into the mammary fat
pads. Seven days later, the mice were divided into four treatment groups and administered treatments for seven
consecutive days, followed by a 15-day observation period (Figure 7a). The four treatment groups included: PBS,
paclitaxel monotherapy, MEVs@CuET monotherapy, and a combination of paclitaxel and MEVs@CuET. Tumor growth
curves are presented in Figure 7b, and the size of excised tumors is displayed in Figure 7c. Compared to the PBS group,
the average tumor inhibition rates on day 28 for the MEVs@CuET monotherapy, paclitaxel monotherapy, and combina-
tion therapy groups were 45.74%, 39.79%, and 91.47%, respectively, as shown in Figure 7d.

Subsequently, histological studies were conducted to assess in vivo toxicity and anti-tumor efficacy. Tumor tissues
were stained with H&E, anti-Ki67, anti-Bcl2, and TUNEL. As displayed in Figure 7e, H&E staining revealed tightly
packed tumor cells with visible mitotic figures in the PBS group, while the combination therapy group exhibited reduced
cellularity, tissue fibrosis, nuclear pyknosis, fragmentation, and dissolution, indicating features of apoptosis and necrosis.
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Figure 6 Spatial Distribution Patterns of MEVs@CUET in vivo. (a) Fluorescence imaging of mice at 2, 4, 8, 12, and 24 hours post-intravenous injection using an in vivo
imaging system. Tumor and major organs were collected for fluorescence imaging at 24 hours post-injection. (b and c) Semi-quantitative analysis of fluorescence intensity in
mouse tumors and organs. Data are presented as mean + SD (n = 3).

Immunohistochemical analysis of Ki67, a marker of cell proliferation, showed that the percentage of Ki67-positive cells
decreased by 30.20% and 24.65% in the MEVs@CuET and paclitaxel monotherapy groups, respectively, compared to the
PBS group (Figure 7f and g). In contrast, the combination therapy group demonstrated a significant reduction in Ki67
positivity by approximately 52.10%, representing a 36.43% decrease compared to the paclitaxel monotherapy group.
This indicates that the combination of paclitaxel and MEVs@CuET has significantly stronger anti-tumor efficacy than
monotherapy.

Additionally, researchers analyzed the anti-apoptotic levels in tumor tissues using immunohistochemistry, as shown in
Figure 7h and i. Bcl-2, a key anti-apoptotic protein, plays a critical role in apoptosis, cancer, and other diseases.®' ®* The
combination therapy group showed a significant reduction in Bcl-2 expression, decreasing by 69.01% compared to the
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Figure 7 Anti-Tumor Effects and Mechanisms of MEVs@CUuET in Combination with Paclitaxel in vivo. (a) Schematic illustration of in vivo therapeutic treatment in
orthotopic 4T | breast cancer mouse model. (b) The tumor size changes in mice from the PBS group, MEVs@CUuET monotherapy group, paclitaxel monotherapy group and
the combination therapy group of paclitaxel and MEVs@CUET. The tumors were observed over 28 days, with recordings taken every 2 days. (c and d) Images and statistical
analysis of tumor size from the excised tumors of mice in the four treatment groups after euthanasia. (e) H&E staining of excised tumors from mice in the four treatment
groups. (fand g) Ki-67 staining and expression level semi-quantitative analysis using Image] for excised tumors from mice in the four treatment groups. (h and i) Bcl2 staining
and expression level semi-quantitative analysis using Image] for excised tumors from mice in the four treatment groups. Scale bar: 200 pm. Data are presented as mean * SD
(n = 6). **P < 0.001, ****P < 0.0001.

PBS group and by 61.30% compared to the paclitaxel monotherapy group. TUNEL staining revealed a significant
increase in apoptotic cells in the combination therapy group, approximately 197.52-fold higher than the PBS group and
1.80-fold higher than the paclitaxel monotherapy group (Figure S5). These results are consistent with the in vitro anti-
tumor efficacy experiments.

T cell subsets play pivotal roles in the tumor immune microenvironment, with Th17 cells and their signature cytokine
IL-17 demonstrating the capacity to promote anti-tumor immunity. Th17 cells facilitate T cell infiltration and dendritic cell
(DC) maturation through IL-17 secretion, while simultaneously activating stromal cells and myeloid cells. Furthermore, IL-
17 can regulate the differentiation, functionality, and stability of Th17 cells via positive feedback loops or paracrine
mechanisms. Building upon prior transcriptomic and in vitro evidence that MEVs@CuET potentiates paclitaxel’s antitumor
effects via IL-17 pathway modulation, the in vivo immune landscape was characterized. Th17 cells, a subset of CD4"
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Figure 8 Anti-Tumor Effects and Mechanisms of MEVs@CUET in Combination with Paclitaxel in vivo. To evaluate immune indicators in mice, immunofluorescence double
staining for CD3 and CD4 was performed on excised tumor tissues from mice in the PBS group, MEVs@CUET monotherapy group, paclitaxel monotherapy group, and the
combination therapy group of paclitaxel and MEVs@CUuET. Additionally, the concentration of IL-17 in the peripheral blood serum of mice from the four treatment groups
was measured using ELISA, and the Th17 cell content in the spleen was analyzed using flow cytometry. (a and b) CD3 and CD4 immunofluorescence double staining and
fluorescence intensity semi-quantitative analysis using Image] for excised tumors from mice in the four treatment groups. Scale bar: 100 pm. (c) IL-17 concentration in the
peripheral blood serum of mice from the four treatment groups. (d and e) Th17 cell content in splenic lymphocytes of mice from the four treatment groups, detected by
flow cytometry and quantified. Data are presented as mean * SD (n = 6). ***P < 0.0001.

T cells, were evaluated in tumor tissues using immunofluorescence. As displayed in Figure 8a and b, the combination
therapy group exhibited a significant increase in CD4 " T cells, approximately 4.21-fold higher than the PBS group and 1.84-
fold higher than the paclitaxel monotherapy group. Furthermore,IL-17 levels in the peripheral blood serum of mice were
measured using ELISA. As shown in Figure 8c, the combination therapy group showed a significant increase in 1L-17
concentration, approximately 2.42-fold higher than the PBS group and 1.75-fold higher than the paclitaxel monotherapy
group. Additionally, splenic lymphocytes were isolated from the mice and analyzed by flow cytometry to quantify Th17 cell
populations, enabling further investigation of systemic immune modulation in vivo. As illustrated in Figure 8d and e, the
combination therapy group exhibited elevated Th17 cell levels. These findings align with the in vitro results, suggesting that
MEVs@CuET enhances the anti-tumor effects of paclitaxel by modulating the immune response, particularly through the
IL-17 signaling pathway.
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In vivo Safety Evaluation of MEVs@CUET Combined with Paclitaxel in Tumor-Bearing
Mice

To evaluate the in vivo safety of the treatments, researchers performed routine and biochemical tests on the mice post-
treatment. The complete blood count results, as represented in Figure 9a—c and Figure S6, revealed no significant
reduction in the three major blood cell lineages (red blood cells, white blood cells, and platelets) in any of the treatment
groups, including the combination therapy group, monotherapy groups, and PBS group, with no statistically significant
differences between groups (p > 0.05). However, an increase in lymphocyte percentage and a decrease in neutrophil
percentage were observed in the combination therapy group compared to the PBS group (p < 0.05), though no significant
difference was noted compared to the paclitaxel monotherapy group (p > 0.05). This may be attributed to the potent
immunomodulatory effects of the combination therapy. Additionally, no significant abnormalities were observed in liver
function (ALT, AST), kidney function (Urea, Crea), or cardiac injury markers (CK-MB), with no statistically significant
differences between groups (p > 0.05), as represented in Figure S6.

Furthermore, body weight was monitored throughout the study. The weight curves indicated no significant differences
between the monotherapy and combination therapy groups, and no notable weight loss was observed during the treatment
period, as shown in Figure 9d. Interestingly, a slight increase in body weight was observed in the tumor-bearing mice
from the combination therapy group in the later stages, further confirming the high safety profile of the combined
treatment in vivo. Finally, the heart, liver, spleen, lungs, and kidneys were collected from euthanized mice for
hematoxylin and eosin (H&E) staining. As displayed in Figure 9e, no abnormalities were observed in the tissues from
any of the four groups, and no signs of liver or kidney toxicity were detected, reaffirming the high safety of this treatment

regimen.

Discussion
Breast cancer remains the most prevalent malignancy among women worldwide, accounting for approximately 25% of
all female cancer cases.®* Despite remarkable advances in targeted therapies and immunotherapies—such as HER2-
targeted agents and immune checkpoint inhibitors (eg, PD-1/PD-L1 blockers)—chemotherapy, particularly paclitaxel-
based regimens, continues to serve as a first-line treatment for various subtypes of breast cancer. However, its clinical
efficacy is often compromised by low response rates, dose-limiting toxicities, and the development of drug resistance.
Therefore, identifying strategies that can sensitize tumor cells to chemotherapeutic agents is of critical importance.
Targeted drug delivery represents a key approach to improving the therapeutic index of chemotherapy. In recent years,
cell-mimetic nanocarriers have emerged as promising tools due to their excellent biocompatibility, prolonged circulation
time, and intrinsic tumor-homing properties. Among these, macrophage-derived extracellular vesicles (MEVs) have
attracted increasing attention owing to their natural ability to infiltrate tumor tissues and evade immune clearance.
Paclitaxel, while widely used for its microtubule-stabilizing properties, faces limitations in clinical settings, especially in
tumors exhibiting intrinsic or acquired resistance. Therefore, exploring molecular mechanisms that can enhance its
sensitivity offers significant translational potential. Cuproptosis, through the accumulation of copper ions and subsequent
mitochondrial dysfunction, presents a novel avenue for selectively eliminating cancer cells. Building on advantages of
MEVs, we developed CuET, a copper(Il)-chelating agent capable of inducing cuproptosis, loading platform
(MEVs@CuET) for combining CuET-mediated cuproptosis with paclitaxel could generate synergistic antitumor effects.
Our findings demonstrated that MEVs@CUuET effectively delivered CuET to tumor cells both in vitro and in vivo,
achieving faster and more sustained tumor accumulation compared to red blood cell-derived vesicles (REVs@CuET).
Importantly, in vitro cytotoxicity assays using NIH/3T3 fibroblasts showed minimal off-target toxicity, while in vivo
safety assessments revealed no significant alterations in hematological or biochemical parameters, indicating the
biocompatibility of this formulation. When combined with paclitaxel, MEVs@CuET exhibited strong synergistic
antitumor activity, as evidenced by a synergy score of 29.37 (ZIP model), with peak regional scores reaching 41.73.
Functional assays confirmed enhanced inhibition of tumor cell proliferation and increased apoptosis. In vivo studies
further demonstrated significantly improved tumor growth suppression in the combination group, supported by reduced
Ki67 expression and elevated TUNEL staining and Bax/Bcl-2 ratio in treated tumors.

18 https: International Journal of Nanomedicine 2026:21


https://www.dovepress.com/article/supplementary_file/570540/Supplementary%20material.docx
https://www.dovepress.com/article/supplementary_file/570540/Supplementary%20material.docx

Guo et al

a b C d

[IpBS [COIMEVs@CuET EHPTX [EPTX&MEVs@CuET 20 PBS + MEVs@CuET
Leukocytes Hemoglobin 25— Thrombocytes —+PTX -+ PTX&MEVs@CuET
15 ns 2004 e 3 a3
=) ns a = C)
5 — 3 5 Zan o
< 10 Eisof | | 2 g ’
d - 12
£ \ £ . £ 157 \ :
- =
= I = W =) Q
S & [ $100- © A
= g < 10 Y
S Y © © 14

(¢%

Figure 9 Safety of MEVs@CUET in Combination with Paclitaxel in vivo. (a—c) White blood cell count, hemoglobin concentration, and platelet count in the peripheral blood
of mice from the PBS group, MEVs@CUuET monotherapy group, paclitaxel monotherapy group and the combination therapy group of paclitaxel and MEVs@CUuET. (d) Body
weight change curves of mice in the four groups over 28 days, recorded every 2 days. (e) After euthanizing the mice from the four treatment groups, the heart, liver, spleen,
lungs, and kidneys were collected and subjected to H&E staining. Scale bar: 200 pm. Data are presented as mean + SD (n = 6).

Abbreviation: ns, not significant.
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To explore the underlying mechanisms, we performed transcriptome sequencing of 4T1 cells treated with the
respective formulations. Pathway analysis revealed significant enrichment in immune-related pathways, particularly the
IL-17 signaling pathway. Flow cytometric analysis of splenic lymphocytes co-cultured with conditioned media from
drug-treated tumor cells showed elevated levels of Th17 cells, accompanied by increased IL-17 secretion as measured by
ELISA. Consistent results were observed in vivo, where combination therapy led to higher serum IL-17 levels and
increased infiltration of CD4" T cells within the tumor microenvironment (approximately 1.84-fold increase compared to
paclitaxel monotherapy). Copper ions are increasingly recognized as important regulators in the tumor microenviron-
ment, capable of modulating immunogenic cell death (ICD) via reactive oxygen species (ROS) generation and damage-
associated molecular pattern (DAMP) release.> Emerging evidence suggests that copper-induced ICD may potentiate
anti-tumor immunity and improve responses to chemo- and immunotherapy.®® Our findings support the hypothesis that
the combination of cuproptosis induction and microtubule stabilization not only enhances direct tumor cell killing but
also activates a robust adaptive immune response.

While this study demonstrates the promising therapeutic potential of MEVs@CuET in overcoming paclitaxel
resistance, several limitations should be acknowledged. First, although our in vitro experiments with empty MEV
controls clearly attribute the observed cytotoxicity and IL-17/Th17 activation to CuET, future studies that include
corresponding in vivo empty-vesicle controls would further strengthen this conclusion by accounting for the complexity
of the tumor microenvironment. Second, although our findings strongly link cuproptosis induction to IL-17/Th17 axis
activation, the exact molecular signaling cascade that connects this cell death process to adaptive immunity remains to be
fully elucidated. The observed link suggests a novel immunomodulatory function of copper-induced cell death. We
hypothesize that this immune activation may occur through the release of DAMPs such as ATP and HMGBI1, which can
promote dendritic cell maturation and Th17 polarization.®” ®® Alternatively, copper stress may modulate key inflamma-
tory pathways (eg, NF-kB or MAPK) within the tumor microenvironment to favor an IL-17-prone milieu.”" "
Unraveling this precise mechanistic link represents an important avenue for future investigation. Finally, the clinical
translation of this biomimetic strategy faces practical challenges, including the scalable production and quality control of
macrophage-derived vesicles, comprehensive evaluation of long-term biocompatibility and pharmacokinetics, and
potential patient stratification based on tumor copper metabolism or immune phenotypes. Addressing these issues will
be essential for advancing this therapeutic paradigm toward clinical application.

Conclusions

In conclusion, this study demonstrates that macrophage-derived vesicles can serve as effective nanocarriers for targeted
delivery of cuproptosis inducers. The combination of MEVs@CuET with paclitaxel synergistically suppresses tumor
growth through dual mechanisms: direct inhibition of cell proliferation and activation of IL-17-mediated anti-tumor
immunity. These findings highlight the therapeutic potential of integrating novel cell death modalities with conventional
chemotherapy and provide a promising strategy for overcoming drug resistance in breast cancer. Moreover, the observed
modulation of the IL-17/Th17 axis suggests potential relevance for cancers associated with autoimmune conditions or for
managing immune-related adverse events, where precise regulation of this pathway may offer therapeutic benefits. Future
studies should aim to further elucidate the molecular interplay between cuproptosis and immune activation, as well as
explore the clinical translation of such combinatory approaches.
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