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ABSTRACT

Immunotherapy for triple-negative breast cancer (TNBC) is hindered by its immunologically "cold" microenvi-
ronment, reducing treatment efficacy. Converting cold tumors into hot ones can significantly enhance the effi-
cacy of immunotherapy. Nevertheless, the tumor extracellular matrix-associated physical barriers impede the
infiltration of immunomodulating agents. Our previous research suggested that extracellular vesicles (EVs)
secreted in situ by tumor cells could mediate the intercellular transport and deep infiltration of antitumor drugs.
However, EVs’ application faces obstacles such as inefficient delivery, lack of specificity, low production yields,
and manufacturing inconsistencies. Based on this, we explored artificial cytomembrane nanovesicles (NVs) as the
biomimetics of EVs. Herein, NVs are genetically engineered with membrane fusion-promoting protein VSVG to
form VSVG-NVs (V-NVs). The calcium ionophore A23187 and plasmid encoding TNF-a with Lamp2b are loaded
into V-NVs (V-NVs/T+A) using electroporation technology. The fusogenic VSVG component facilitates the
integration of NVs with the target cancer cells and further incorporation into secreted EVs. The A23187 enhances
EVs secretion by increasing intracellular calcium level. This synergistic approach ensures efficient intracellular
delivery of TNF-a through EVs, facilitating deep tumor infiltration and remodeling of the immune microenvi-
ronment. As expected, the EV-hitchhiking strategy for cascade tumor deep penetration and immune microen-
vironment modulation demonstrates significant potential to enhance cancer immunotherapy.

Introduction

microenvironment, leading to the diminished effect of conventional
immunotherapies [11-15]. A pressing challenge is how to facilitate the

Breast cancer is the most common malignant tumor affecting women
globally. Among these, triple-negative breast cancer (TNBC) is identified
as the most aggressive subtype, commonly known as the most poisonous
breast cancer [1-4]. In recent years, clinical trials have indicated that
immunotherapy holds promise as a treatment modality for TNBC [5].
However, TNBC, characterized as a “cold tumor” [6-10], is defined by
low immunogenicity and a suppressive tumor immune
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transition of “cold tumors” to “hot tumors” and reshape the immune
microenvironment [16,17].

TNF-a, a cytokine predominantly produced by immune cells, plays a
crucial role in the antitumor immune response, and directly acts on
tumor cells, inducing cell death by activating apoptotic pathways within
cancer cells [18-20]. Additionally, TNF-a has been reported to activate
various immune cells, including macrophages, T cells, and B cells [21,
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22]. However, the efficacy of TNF-a in tumor treatment is impeded by its
limited penetration into dense tumor tissues [23]. This is primarily due
to the tightly packed cellular architecture, thick extracellular matrix,
and increased interstitial fluid pressure in the tumor microenvironment,
which collectively create a barrier to TNF-o treatment [24-26]. Conse-
quently, the suboptimal accumulation and intratumoral biodistribution
of TNF-a result from the poor delivery efficiency, thereby reducing its
therapeutic efficacy.

Extracellular vesicles (EVs), ranging from 30 to 150 nm, are
composed of a lipid bilayer decorated with various transmembrane
proteins [27-31]. EVs can transfer biologically active molecules be-
tween cells, thereby regulating gene expression and cellular function in
recipient cells [32-34]. Moreover, through the intercellular transfer of
functional membrane proteins layer by layer, we can modify tumor cells,
alter their phenotype and enhance the immunogenicity, which further
improves the tumor microenvironment for cancer immunotherapy [35,
36]. However, the EV-hitchhiking tumor penetration is typically limited
by the unsatisfactory secretion efficiency of EVs [37,38].

Cytomembrane nanovesicles (NVs) are artificial membrane vesicles
isolated from various cell types [39]. These vesicles can be engineered to
deliver therapeutic agents [40,41]. Based on the above considerations,
we ingeniously design membrane fusogenic NVs named as V-NVs/T+A.
It is extracted from VSVG-expressing 4T1 cells, followed by the incor-
poration of A23187 and TNF-a-Lamp2b plasmid [42]. VSVG is a widely
studied membrane fusion-promoting glycoprotein, which could mediate
membrane fusion at acidic pH [43,44]. Modifying NVs with VSVG en-
ables membrane fusion between NVs and target cells [43,45]. This
strategy not only avoids the lysosomal degradation of TNF-a-Lamp2b
plasmid, but also enables the translocation of A23187 and VSVG from
NVs to cytomembrane [46]. A23187 is a calcium ionophore, which
could increase intracellular calcium level, thereby stimulating the
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release of EVs and amplifying the efficiency of EV-hitchhiking tumor
penetration [47-51]. Lamp2b is a commonly used exosome surface
protein for targeting the exosome membrane. As a marker of EVs,
Lamp2b ensures the targeted intracellular delivery of expressed TNF-a
protein by sorting it into EVs, which in turn boosts the therapeutic ef-
ficacy of EVs [52,53]. By hitching a ride on tumor-secreted EVs, TNF-a
are progressively delivered deeply into the solid tumor (Fig. 1). This
ameliorates the tumor microenvironment and enhances the immune
response against cancer. In summary, our findings provide a theoretical
foundation for cascade tumor deep penetration and TNF-a cytokine
therapy to enhance tumor immunotherapy.

Results and discussion
Preparation and characterization of V-NVs/T+A

Utilizing V-NVs as carriers, we loaded TNF-a-Lamp2b plasmids and
A23187 through electroporation and incubation (Fig. 2A and Fig S1).
Subsequently, different ratios were employed to determine optimal
loading ratios for NVs, plasmids and A23187. The preferred ratio for
subsequent experiments was established as NVs: plasmid = 2:1 and NVs:
A23187 = 2:1. As shown in Fig. 2B-C, Fig. S2 and Table S1, particle size
(~120 nm) was slightly larger than that of the blank NVs with negative
zeta potential of around —30 mV. In the stability study conducted in PBS
(pH 7.4) at 37°C for 12 h and storage at 4°C for 7 days, V-NVs/T+A
exhibited minimal changes in particle size (Fig. 2D and Fig. S3). For
long-term stable storage, V-NVs/T+A were lyophilized and subse-
quently reconstituted. As illustrated in Fig. S4, the particle size of V-
NVs/T+A was remained stable after lyophilization indicating that no
significant aggregation occurred after lyophilization. Furthermore,
western blot results showed that the characteristic proteins on the
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Fig. 1. The fabrication and biological functions of fusogenic cytomembrane nanovesicles. The innovative fusogenic nanovesicle platform, V-NVs/T+A, integrates a
dual payload of A23187 and the TNF-a-Lamp2b plasmid, ensuring precise intracellular targeting while evading lysosomal clearance. This sophisticated design fa-
cilitates deep tumor penetration through an EV-hitchhiking mechanism, enhancing the microenvironment to stimulate a robust immune response against cancer.
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Fig. 2. Preparation and characterization of engineered NVs. (A) Schematic diagram of membrane fusion for V-NVs/T+A. Size distribution and electron microscopy
images of NVs (B) and V-NVs/T+A (C). (Scale bar = 100 nm) (D) Stability of NVs and V-NVs/T+A. (E)The FRET effect curve between fluorescent liposomes and V-
NVs at different pH levels. Cellular uptake of NVs/T+A and V-NVs/T+A in 4T1 and 3T3 cells, analyzed by flow cytometry (F) and CLSM (G). (Scale bar = 10 pm) (H)
Colocalization of VSVG and TNF-« in cells after incubation with V-NVs/T+A. (Scale bar = 1 pm) (I) Expression of VSVG protein in cells after incubation with V-NVs/

T+A. (J) Cytotoxicity to 4T1 cells.

surface of V-NVs/T+A remained unchanged (Fig. S5), indicating that the
modification did not affect the inherent properties of the NVs. In addi-
tion, V-NVs/T+A has good loading efficiency for A23187 and plasmid
(Table S2). These findings suggested that the V-NVs/T+A possessed
favorable nanoparticulate properties and stability.

Functional validation of VSVG in V-NVs/T+A

To verify the successful transfection and function of VSVG on NVs
membranes, we conducted the following experiments. First, western
blot (WB) results demonstrated the expression of VSVG in V-NVs/T+A
and flow cytometry indicating successful transfection with an efficiency
of approximately 95 % (Fig. S6-S7). Then, we utilized fluorescence
resonance energy transfer (FRET) to analysis the fusion activity of VSVG.
It has been reported that under acidic conditions, VSVG can promote
membrane fusion by interacting with LDLR and associated LDL family
proteins on the cell surface. We prepared LDLR-functionalized liposomes
loaded with fluorescent lipids, which were incubated with V-NVs for
30 min under acidic pH conditions resulting in the restoration of DiL
fluorescence and a decrease in DiD fluorescence, indicating reduced
FRET efficiency due to increased donor-acceptor distance and successful

fusion of V-NVs with the fluorescently labeled liposomes, with a mem-
brane fusion efficiency of 60 %. However, no significant fluorescence
changes were observed under neutral pH condition. These findings
demonstrated that the VSVG plasmid can be efficiently transfected into
4T1 cells and carried on NVs, but also enhance their membrane fusion
capability (Fig. 2E).

Expression of the TNF-a-Lamp2b plasmid

Then the expression of plasmid in V-NVs/T+A was investigated.
First, the mRNA levels of the TNF-a gene in 4T1 cells were evaluated
through qRT-PCR. The results showed that TNF-a plasmids delivered
through V-NVs/T+A were effectively transcribed within cells, leading to
a sevenfold elevation in mRNA levels compared to cells treated with
blank NVs (Fig. S8). Furthermore, quantitative analysis of TNF-a protein
level in cell expression was conducted through enzyme-linked immu-
nosorbent assay (ELISA). As depicted in the Fig. S9, the expressed TNF-a
protein in V-NVs/T+A treated cells was approximately 580 pg/mL.
These findings indicated the successful expression of TNF-a plasmid.
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Investigation of cellular uptake mechanism

Given the crucial importance of cellular uptake of the V-NVs/T+A
for anticancer efficacy, we further explored their uptake characteristics
by flow cytometry and CLSM. As depicted in the Fig. 2F-G, the fluo-
rescence intensity of V-NVs/T+A loaded with VSVG was significantly
higher than that without VSVG and exhibited a time-dependent pattern.
Notably, the V-NVs/T+A displayed reduced fluorescence intensity in
3T3 cells, attributed to the homotypic targeting property of the V-NVs/
T+A derived from 4T1 cells, which exhibited restricted fusion ability
with heterologous cells. These findings suggested that the V-NVs/T+A,
facilitated by VSVG, can effectively fuse with homologous tumor cells,
thereby exerting antitumor effects and reducing systemic toxicity. To
further investigate the uptake mechanism of V-NVs, we used filipin,
chlorpromazine, and wortmannin as inhibitors targeting caveolae-
mediated endocytosis, clathrin-mediated endocytosis, and macro-
pinocytosis, respectively. The results showed that the uptake of VSVG-
modified NVs was not inhibited by any of these inhibitors, suggesting

Nano Today 61 (2025) 102604

that the VSVG uptake mechanism may involve direct fusion of the VSVG-
modified NVs with the 4T1 cell membrane (Fig. S10).

As depicted, co-localization of VSVG (green fluorescence) with TNF-
o (red fluorescence) was observed in EVs treated with fluorescently
labeled NVs, indicating the successful internalization of V-NVs/T+A
(Fig. 2H). Western blot results (Fig. 2I) demonstrated the existence of
VSVG protein in cells treated with NVs, confirming the successful uptake
of NVs by the cells.

In vitro cytotoxicity

Following the successful expression of TNF-a plasmids in the V-NVs/
T+A, we conducted in vitro assessments of their anti-tumor activity using
the MTT assay (Fig. 2J). The V-NVs/T+A group exhibited noticeable
anti-tumor effects, and the inclusion of VSVG significantly enhanced the
efficacy, possibly due to its membrane fusion ability. Additionally,
A23187 facilitated EVs secretion, promoting intercellular TNF-a trans-
mission and enhancing anti-tumor activity.
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Fig. 3. In vitro evaluation of engineered NVs. Flow cytometry assessment of DC maturation (CD457CD11c*CD807CD86") (A) and M1-like macrophages
(CD457CD11b"F4/807CD80™) (B) triggered by different treatments in cancer cells (n = 3). (C) Flow cytometry analysis of apoptosis in 4T1 cells. (D) Quantitative
analysis of cell apoptosis (n = 3). (E) Expression of apoptosis-related proteins in treated 4T1 cells. (F) A23187 promote EVs secretion in cells. (G) Fluo-2 probe used to
mark Ca®' in treated cells, with Ca®* levels detected by flow cytometry. (H) Confocal microscopy examination of the penetration of V-NVs/T-+A into tumor
spheroids. (Scale bar = 100 pm) (I) Quantitative analysis of penetration. (J) CLSM of the cytotoxicity of V-NVs/T + A on tumor spheroids. Green: live cells. Red: dead
cells. (Scale bar = 100 pm) I: Control, II: V-NVs/A, III: NVs/T, IV: V-NVs/T, V: V-NVs/T+A, VI: V-NVs/T+A+Z-VAD-FMK. c: Control, i: NVs/T, ii: V-NVs/T, iii: V-
NVs/T+A+BA, iv: V-NVs/T+A. Data are represented as mean + SD and statistical significance was carried out through one-way analysis of variance (ANOVA).

*p < 0.05, ** p < 0.01, *** p < 0.001; n.s. indicates no significance.
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Cellular immunity

Next, we investigated effects of the V-NVs/T+A on immune regula-
tion. VSVG, recognized as a pathogen associated molecular pattern
(PAMP) by innate immune cells, triggers innate immune responses that
remodel the tumor microenvironment. When delivered to the tumor cell
surface through V-NVs/T+A, it can induce allogeneic properties in the
tumor cells, making them more recognizable to dendritic cells (DCs).
Additionally, the influx of Ca®* in tumors can regulate various immune
cells, such as reprogramming tumor-associated macrophages, enhancing
antigen presentation by DCs, and activating cytotoxic T lymphocytes.
What’s more, high expression of TNF-a at the tumor site can effectively
stimulate DC maturation, while increased TNFR activation promotes the
upregulation of the M1 phenotype and partially suppresses M2 gene
expression.

To validate these effects, we conducted in vitro studies on the
immunological responses of BMDCs and BMDMs co-cultured with tumor
cell lines after treatment. The maturation of DCs was then quantified
using double-positive cells for CD80 and CD86, revealing a marked in-
crease in the number of mature DCs in V-NVs/T+A group, indicating
enhanced antigen presentation capacity and stronger anti-tumor im-
munity. The V-NVs/T+A group showed a significant upregulation of
CD80 compared to relevant controls, indicating that tumor cells incu-
bated with the V-NVs/T+A can stimulate BMDMs to polarize towards
the M1 phenotype (Fig. 3A-B and Fig. S11-512). Thus, the V-NVs/T+A
can systematically modulate immune cells from multiple aspects,
including DC maturation and macrophage polarization, which are
crucial for reshaping the tumor microenvironment in immunotherapy.

In vitro apoptosis assays

To further validate the anti-tumor effects of V-NVs/T+A, apoptosis
assays were conducted with the addition of the TNF-a inhibitor Z-VAD-
FMK. Flow cytometry results (Fig. 3C-D) showed a notable decrease in
apoptosis following the addition of the TNF-a inhibitor, aligning with
the observed cytotoxicity outcomes. These outcomes suggested that the
V-NVs/T+A exhibit potent anti-tumor activity, with TNF-a being an
important role. Moreover, the incorporation of VSVG and A23187 sub-
stantially enhanced the anti-tumor efficacy of TNF-a by promoting
membrane fusion and intercellular communication. WB analysis
demonstrated that stimulation with TNF-o specifically triggers the
activation of caspases 3, leading to apoptosis and exerting an anti-tumor
effect (Fig. 3E).

Intercellular communication

The intercellular transmission efficiency of V-NVs/T+A was verified
through a transwell experiment. In Fig. S13, the continued presence of
relevant fluorescence in the third layer of cells proved the effective
intercellular transmission of TNF-a and VSVG by V-NVs/T+A. However,
groups lacking VSVG and A23187 did not exhibit intercellular transfer,
probably due to VSVG’s cell membrane fusion promotion and A23187’s
enhancement of EVs secretion, which together facilitate the delivery of
functional EVs between cells. After the addition of A23187 inhibitor, the
diminished intercellular transmission ability further confirmed the
essential role of intracellular Ca?* level.

EVs extracted from V-NVs/T+A treated cells consistently showed
intense TNF-« fluorescence, while the supernatant post-EVs separation
lacked this fluorescence (Fig. S14), confirming TNF-o’s selective incor-
poration into EVs. Fresh 4T1 cells treated with EVs showed significantly
higher TNF-a levels compared to those treated with the supernatant
(Fig. S15), confirming that TNF-a transfer mainly occurs through EVs.

Validation of the role A23187 in enhancing EVs secretion

A23187 significantly stimulates the release of EVs by increasing
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intracellular Ca®* levels. BCA assay results suggested A23187 can
stimulate a concentration-dependent increase in EVs production, with a
plateau observed at 3 uM A23187 (Fig. 3F). The introduction of the
calcium chelator BAPTA further supported the role of A23187 in EVs
secretion (Fig. S16). We then utilized the Ca?" sensitive probe Fura-2
AM to monitor changes in Ca?t levels within 4T1 cells. Flow cytom-
etry and confocal microscopy (Fig. 3G and Fig. S17) revealed a sub-
stantial increase in intracellular Ca®" levels post-A23187 treatment.
These results suggested that A23187 in the V-NVs/T+A can augment
EVs release by elevating Ca?* levels, thereby facilitating deeper inter-
cellular communication.

Tumor spheroid penetration and cytotoxicity

We used 4T1 tumor spheroids as a model to investigate the deep
intercellular delivery capability of NVs. The V-NVs/T+A showed the
most effective penetration into tumor spheroids, as evidenced by sig-
nificant TNF-« delivery to the spheroid core (Fig. 3H-I). This enhanced
penetration was further validated by assessing the cytotoxicity of TNF-a
in 4T1 tumor spheroids using live/dead cell staining. The results
(Fig. 3J) confirmed that V-NVs/T+A induced significant cytotoxic ef-
fects, consistent with the cytotoxicity findings in tumor spheroids
(Fig. 518).

In vivo pharmacokinetic and distribution

We further investigated the in vivo pharmacokinetics of V-NVs/T+A
and its components A23187 and plasmids. As shown in Fig. S19, the
detection of the fluorescent presence of A23187 and plasmids in the
blood demonstrated their successful loading and release by V-NVs/T+A.
The half-life of V-NVs/T+A cycle A23187 and plasmid was 2.19 h and
1.62 h, which was significantly longer than that of free component.
These results indicated that V-NVs/T+A could significantly increase the
circulating half-life of A23187 and plasmid.

In vivo distribution of NVs plays a critical role in determining their
anti-tumor efficacy by affecting tumor targeting and retention. We
evaluated the biodistribution of the V-NVs/T+A in 4T1 breast cancer-
bearing mice. As shown in Fig. 4A and 4E, DiR Sol achieved maximum
accumulation in the tumor site at 2 h post-administration, while the V-
NVs/T-+A reached their peak at 12 h due to the acidic response of VSVG,
leading to greater tumor accumulation compared to NVs/T+A. More-
over, the NVs demonstrated higher tumor accumulation fluorescence at
the tumor site within 24 h compared to DiR Sol. Subsequently, at the
time of peak accumulation, major organs and tumors were isolated, and
the results indicated that V-NVs/T+A had a higher tumor accumulation,
indicating excellent tumor retention (Fig. 4B-D).

In vivo tumor penetration

In previous experiments, we validated that A23187 can increase the
secretion of EVs from 4T1 tumor cells at the cellular level. To confirm
the in vivo EVs secretion stimulating capability of V-NVs/T+A, we
employed immunofluorescence staining targeting the EVs marker CD63
to assess EVs levels in tumor tissues. As shown in Fig. 4F, the results
indicated that the group containing A23187 significantly promoted EVs
secretion in the tumor microenvironment. This suggested that A23187
encapsulated in NVs can be effectively delivered to tumors, enhancing
the secretion of EVs into the tumor microenvironment.

To investigate the infiltration of NVs within tumors, we administered
DiR-labeled and unlabeled NVs intravenously into mice and collected
tumor sections at 48 h post-injection. As shown in Fig. S20, substantial
DiR fluorescence was detected in the deep tumor regions for the V-NVs/
T+A group, consistent with our previous spheroid experiment findings.
The consistent fluorescence observed in tumors demonstrated that TNF-
a, facilitated by EVs, successfully penetrated deeply into the tumor tis-
sue (Fig. 4G-H). In contrast, sections from the group without VSVG and
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(ANOVA). *p < 0.05, **p < 0.01.

A23187 exhibited markedly reduced penetration. These results under-
score the critical role of VSVG and A23187 in promoting the deep tumor
infiltration of V-NVs/T+A.

In vivo anti-metastasis performance

Based on the preliminary validation, the V-NVs/T+A exhibit excel-
lent in vitro performance and in vivo drug accumulation, including
excellent stability and effective tumor penetration capabilities. These
attributes hold promise for significantly enhancing anti-tumor immu-
notherapy in vivo, particularly in addressing the challenges of TNBC
metastasis, such as lung invasion.

To evaluate its efficacy, we established a 4T1 tumor model in BALB/c
mice by subcutaneously inoculating 4T1 cells and intravenously

injecting 4T1-Luc cells to emulate malignant invasion and

hematogenous spread (Fig. 5A). Using an in vivo luciferase imaging
system, we monitored lung tumor progression. Compared to sponta-
neous metastasis, the systemic model, induced by intravenous injection
of 4T1 cells, exhibits more aggressive metastatic behavior. In vivo im-
aging revealed reduced lung fluorescence intensity in the V-NVs/A and
V-NVs/T groups, suggesting decreased metastatic growth, with V-NVs/
T+A treatment further enhancing this effect, nearly abolishing fluores-
cence (Fig. 5B). Ex vivo bioluminescence imaging of the excised lung
tissue corroborated these findings (Fig. 5D and Fig. S21). After fixation
with Bouin’s fluid, normal lung areas appeared yellow-brown, while
metastatic nodules were bright yellow, aligning with bioluminescence
data (Fig. 5C and 5E).

H&E staining after V-NVs/T+A treatment demonstrated a significant
reduction in metastatic nodules in the liver and lung, with minimal
detectable metastases (Fig. 5I-J). The V-NVs/T+A strategy not only
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Fig. 5. In vivo anti-metastasis performance. (A) Schematic illustrating the administration strategy in a metastatic breast cancer model. (B) In vivo bioluminescence
imaging of mice with 4T1-Luc metastatic tumors over time. (C) photograph of lung metastases for Bouin’s fluid staining of lungs (n = 5). (D) Ex vivo IVIS biolu-
minescence imaging of excised lung tissues (n = 5). (E) Lung metastatic nodules quantification of (C) (n = 5). (F) Tumor growth curve after treatment. (n = 5). (G)
Images of tumors. (n = 5). (H) Tumor-bearing rate (n = 5). H&E staining of the lung (I) and liver (J) slices after different treatments. (Scale bar = 50 pm) (K) Flow
cytometry analysis of mature DCs (CD457CD11¢"CD80"CD86™) in mouse lymph nodes (n = 4). (L) Flow cytometry analysis of tumor-infiltrating CD8" T cells
(CD457CD3"CD8™) (n = 4). (M) Flow cytometry analysis of M1-like macrophages (CD45"CD11b"F4/80"CD80") (n = 4). G1: Saline, G2: NVs/T, G3: V-NVs, G4: V-
NVs/A, G5: V-NVs/T, G6: V-NVs/T+A. Data are represented as mean =+ SD and statistical significance was carried out through one-way analysis of variance

(ANOVA). **p < 0.01, *** p < 0.001, ****p < 0.0001.

inhibited metastasis but also reduced tumor volume compared to Saline,
without affecting body weight or liver and kidney function parameters,
indicating its safety (Fig. 5F-H and Fig. S22A-B). Tumor H&E staining
(Fig. S22C) revealed increased necrotic areas, confirming the anti-tumor
efficacy of V-NVs/T+A.

Further exploration of the anti-metastatic effect’s association with
immune modulation revealed increased CD86 and CD80 signals post-
treatment, indicating elevated numbers of mature DCs. Additionally,
there was a marked elevation in tumor-infiltrating CD8" T cells, indic-
ative of enhanced cytotoxic immune responses, and a significant shift in
macrophage polarization towards the M1-like phenotype, known for its
pro-inflammatory and anti-tumor functions (Fig. 5K-M). These findings
suggest that the V-NVs/T+A treatment not only suppresses tumor
metastasis but also activates robust anti-tumor immunity.

In vivo antitumor activity

Orthotopic tumor models closely mimic the tumor microenviron-
ment and metastatic behavior in mice, making them of paramount value
for evaluating therapeutic efficacy. Consequently, we established an
orthotopic BALB/c mouse model of 4T1 breast cancer to evaluate the in
vivo anti-tumor efficacy of the V-NVs/T+A (Fig. 6A). As shown in
Fig. 6B-D, the group without VSVG demonstrated minimal anti-tumor
effects due to the inability to achieve membrane fusion and the group
treated with one agent showed weak immune response. Notably, the V-
NVs/T+A showed great potential in immune activation, exhibiting the
optimal anti-tumor effects with a tumor inhibition rate exceeding 70 %
(Fig. 6E). H&E staining and TUNEL assay results further revealed the
potent destructive effect of the V-NVs/T+A (Fig. 6I). Furthermore, we
evaluated the safety of the V-NVs/T+A in vivo. As illustrated, no obvious
abnormalities were observed in the H&E-stained sections of major or-
gans (heart, liver, spleen, lung, kidney) or in the blood parameters of the
liver and kidney after treatment (Fig. 6H and Fig. S23) and there were no
significant changes in mouse weight during the treatment period
(Fig. 6G). Furthermore, we have measured the levels of secretion of
proinflammatory cytokines. V-NVs/T+A treatment led to high expres-
sion of proinflammatory cytokines in serum including TNF-a, IFN-y, and
IL-6 (Fig. 6F).

The exploration of anti-tumor mechanisms

In vivo experiments have demonstrated the potent anti-tumor effects
of V-NVs/T+A. Consequently, we further investigated their anti-tumor
mechanisms by examining the changes in the tumor immune microen-
vironment post-treatment (Fig. S24-526 and Table S3). Encouragingly,
compared to other groups, the increased CD86 signal after V-NVs/T+A
treatment indicated a significant rise in the number of mature dendritic
cells (DCs) (Fig. 7B). These mature DCs (CD457CD11c*CD801CD86™)
can present antigens to T lymphocytes, thereby initiating tumor-specific
adaptive immunity. As anticipated, the number of tumor-infiltrating
CD8" T cells (CD457CD37CD8™) increased by 2.04-fold following V-
NVs/T+A treatment (Fig. 7A and 7C), while immunosuppressive regu-
latory T cells (Tregs, CD45" CD3"CD4 "Foxp3*) decreased by 0.54-fold
compared to the control group (Fig. 7D), indicating a robust T cell-
mediated immune response triggered by V-NVs/T+A. We observed
similar synergistic effects in macrophages. Compared to the control
group, M2-like tumor-associated macrophages (CD45'CD11b*F4/

80"CD206™") were decreased, while M1-like tumor-associated macro-
phages (CD457CD11b"F4/807CD80™) were significantly elevated,
further confirming the activation of anti-tumor immunity (Fig. 7E-F).
We performed TNF-o immunofluorescence staining on tumor sections to
evaluate TNF-a distribution within the tumor microenvironment. The V-
NVs/T+A treatment group showed the strongest TNF-a signal, indi-
cating effective accumulation and penetration of TNF-« into the tumor
tissue. This elevated TNF-a presence in the V-NVs/T+A group supports
its role in enhancing local immune activation, contributing to a robust
anti-tumor response (Fig. $27). TNF-o" and IFN-y" CD8" T cells are
crucial for anti-tumor immunity, as they directly kill tumor cells and
activate surrounding immune responses. We further assessed the levels
of TNF-o" and IFN-y" in CD8" T cells and observed a significant in-
crease, aligning with the enhanced anti-tumor response facilitated by V-
NVs/T+A treatment. (Fig. 7G-H and Fig. S28) This result demonstrates
the effective delivery and penetration of TNF-a within the tumor
microenvironment, further amplifying the anti-tumor efficacy of V-NVs/
T+A.

Conclusions

In summary, we have developed a novel strategy to enhance immune
response by harnessing NVs to facilitate the deep penetration of TNF-a.
This study elucidated the comprehensive engineering process of NVs.
Furthermore, a series of evaluations had demonstrated the significant
potential of V-NVs/T+A in achieving deep tumor penetration and
enhancing TNF-o immunotherapy. This represents a methodological
advancement that addresses the challenges of poor immunotherapy ef-
ficacy due to inhibitory tumor microenvironments and low immunoge-
nicity. Our research presents a new therapeutic modality to overcome
the barriers to immunotherapy in cold tumor.

Experimental section/methods
Materials

DSPE-mPEGy, was obtained from AVT (Shanghai) Pharmaceutical
Tech Co., Ltd. The plasmid encoding VSVG and TNF-a-Lamp2b were
constructed by Sangon Biotech (Shanghai) Co., Ltd. DiR was purchased
from Shandong Sparkjade Biotechnology Co., Ltd. BCA Protein Content
Assay kit (AKPRO17) was purchased from Beijing Boxbio Science &
Technology Co., Ltd. BAPTA-AM was purchased from Macklin
Biochemical Co., Ltd (Shanghai, China). 18:1 DGS-NTA (Ni) was ob-
tained from Aladdin (Shanghai, China). Fura-2 AM, Z-VAD-FMK and the
reagents applied in Western blot assay were obtained from Dalian
Meilun Biotechnology Co., Ltd (China). The calcein-AM/PI live/dead
cell staining kit and Annexin V-FITC Apoptosis Detection Kit were ac-
quired from Beijing Solarbio Science & Technology Co., Ltd. TNF-«
(JL10484) ELISA kit was purchased from Jianglai biology, Shanghai.
Cell culture medium and glass-bottom dishes were obtained from NEST
Biotechnology Co., Ltd. (Wuxi, China).

Preparation of engineered NVs
4T1 cells were initially plated in dishes and incubated for 12 h. The

transfection reagent and VSVG plasmid were separately diluted in Opti-
MEM medium and mixed for 15 min. Then, the cell culture medium was
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Fig. 6. In vivo antitumor evaluation. (A) Schematic representation of mouse administration. (B) Tumor growth curve after treatment (n = 5). (C) Images of tumors
(n = 5). (D) Tumor bearing rate (n = 5). (E) Tumor inhibition rate (n = 5). (F) Secretion of pro-inflammatory cytokines (TNF-a, IFN-y, IL-6) in tumor supernatant of
4T1 tumor model (n = 4). (G) Changes in mouse body weight during treatment (n = 5). (H) Changes in liver and kidney function indicators in tumor-bearing mice
after the last treatment (n = 4). (I) H&E, TUNEL, Ki67 staining images of tumors after treatment. (Scale bar = 100 pm). G1: Saline, G2: NVs/T, G3: V-NVs, G4: V-NVs/
A, G5: V-NVs/T, G6: V-NVs/T+A. Data are represented as mean + SD and statistical significance was carried out through one-way analysis of variance (ANOVA).
*p < 0.05, **p < 0.01, ****p < 0.0001.
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Fig. 7. (A)Immunofluorescence images of CD8" T cells in tumor slices. (Scale bar =50 pum) (B) Flow cytometry analysis of mature DCs (CD457CD11c¢*CD807CD86™")
in mouse lymph nodes (n = 4). (C) Flow cytometry analysis of tumor-infiltrating CD8" T cells (CD45"CD37CD8") (n = 4). (D) Flow cytometry analysis of tumor-
infiltrating regulatory T cells (Tregs, CD45"CD3"CD4*Foxp3™) (n = 4). Flow cytometry analysis of tumor-infiltrating M2-like macrophages (CD45"CD11b"F4/
807CD206™) (E) and M1-like macrophages (CD45"CD11b"F4/807CD80™) (F) (n = 4). (G) Flow cytometry analysis of TNF-o" CD8" T cells (CD45"CD3"CD8 " TNF-
a™) in tumor tissues. (H) Flow cytometry analysis of IFN-y" CD8™ T cells (CD45"CD3*"CD8 IFN-y") in tumor tissues. G1: Saline, G2: NVs/T, G3: V-NVs, G4: V-NVs/A,
G5: V-NVs/T, G6: V-NVs/T+A. Data are represented as mean + SD and statistical significance was carried out through one-way analysis of variance (ANOVA).
#%p < 0.01, ***p < 0.001, ****p < 0.0001.
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replaced with Opti-MEM medium, and the mixed solution was added to
the cells. After 48 h, the cells were resuspended in PBS and sonicated in
the sterile EP tube (22 W, 4°C) for 60 s using the ultrasonic crusher
Cellular debris, then the NVs were removed by serial centrifugation
(10 min at 2000 r.p.m., 10 min at 5000 r.p.m., and 60 min at 15000 r.p.
m.). After the first two centrifugations, the supernatant was collected,
and the pellets were discarded. In the final centrifugation, the pellets
were resuspended in PBS. The supernatant was filtered through a 0.22
pm filter to collect V-NVs. The protein concentration of the V-NVs was
quantified by BCA protein assay kit. The V-NVs and TNF-a-Lamp2b
plasmid were mixed in a 2:1 ratio of V-NVs protein to plasmid in a
chilled 0.4 cm cuvette. Electroporation was performed using a BioRad
device (USA) with settings of 400 V voltage, 25 puF capacitance, 50 Q
resistance, and a pulse duration of 10-15 ms. After electroporation, the
mixture was incubated at 37°C for 30 min to allow the vesicle membrane
to recover, resulting in V-NVs/T. Finally, A23187 was added to the V-
NVs/T mixture at a 2:1 ratio of V-NVs protein to A23187 and incubated
for 30 min at 37°C to obtain V-NVs/T+A.

Characterization of engineered NVs

The particle sizes and zeta potentials of NVs and V-NVs/T+A were
analyzed by dynamic light scattering (DLS) using the ZetaSizer (Nano
ZS, Malvern Co., UK). The structures of prepared NVs and V-NVs/T+A
were detected by transmission electron microscopy (TEM, Hitachi,
HT7700, Japan) with uranyl acetate solution. The NVs and V-NVs/T+A
were incubated in PBS (pH 7.4) at 37°C or 4°C in a shaker. The shaker
speed was set to 100 rpm to ensure proper agitation during incubation.
The stabilities of NVs and V-NVs/T+A were evaluated by measuring the
changes of particle sizes at different times by the ZetaSizer. To assess the
lyophilization stability of the NVs and V-NVs/T+A, 1 mg/mL samples
were subjected to the lyophilization process. The samples were frozen at
—80°C before lyophilization, and trehalose (50 mM) was added as a
cryoprotectant to safeguard the structure during the freezing process.
The stability was evaluated by examining the lyophilized appearance
and particle size post-reconstitution.

Cell line and cell culture

4T1 and 3T3 cell lines were procured from the Cell Bank of Type
Culture Collection of Chinese Academy of Sciences (Shanghai, China).
The 4T1 cells were cultured in RPMI 1640 medium supplemented with
10 % FBS and 1 % penicillin-streptomycin, while the 3T3 cells were
cultured in DMEM/F-12 medium containing the same supplements. All
cells were maintained under an atmosphere of 5 % CO at 37°C. It was
confirmed that there was no mycoplasma contamination in any of the
cell lines used in this research.

Western blotting assay

Proteins obtained from V-NVs/T+A or cells were isolated and
quantified using a BCA kit. Following this, equal protein amounts
(40 pg) from each sample were subjected to separation via SDS-PAGE.
The proteins then transferred to PVDF membranes were blocked with
5 % skim milk. This was followed by an overnight incubation at 4°C with
primary antibodies, including CD9 (ab236630, Abcam, 1:1000 dilu-
tion), CD81 (ab79559, Abcam, 1:1000 dilution), Na/K ATPase
(ab254025, Abcam, 1:1000 dilution), VSVG (ab50549, Abcam, 1:1000
dilution), p-actin (ab6276, Abcam, 1:5000 dilution) and caspase-3
(ab32351, Abcam, 1:1000 dilution). Primary antibody and secondary
antibody incubation were performed in TBST with 5 % skim milk to
reduce non-specific binding. Then, the PVDF films were incubated with
HRP Goat Anti-Rabbit IgG H&L (ab6721, Abcam, 1:5000 dilution) for
another 2 h. Chemiluminescence detection was carried out for protein
band visualization with ECL luminescence reagent.
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Membrane fusion characteristics of V-NVs/T+A

To analyze the efficiency of membrane fusion via FRET effect, we
prepared FRET liposomes using DiL and DiD as the fluorescent donor
and acceptor, respectively, at a molar ratio of 1:7. In brief, the lipid
mixture was initially dried under vacuum and then rehydrated with PBS.
Following five freeze-thaw cycles, large unilamellar vesicles were pre-
pared by extrusion through a 200 nm polycarbonate filter. These lipo-
somes were labeled with DiD and DiL, then immobilized on a PEG-
coated surface via streptavidin-biotin lipid conjugation. The LDLR was
then tethered to the liposomes using the Ni-NTA system. Subsequently,
V-NVs were introduced and incubated under pH 6.2 and pH 7.4 at 37°C.
Measured the fluorescence spectra in the range of 550 nm ~ 750 nm to
assess fusion.

Expression of the TNF-a-Lamp2b plasmid

The content of TNF-a was determined using an ELISA kit, following
the manufacturer’s protocol. For mRNA analysis, 4T1 cells subjected to
various treatments were incubated for 48 h, rinsed with PBS, and total
RNA was extracted using the HiPure Universal RNA Mini Kit (Guangz-
hou Magen Biotechnology Co., Ltd.) with 500 pL lysis buffer per sample.
RNA concentration was measured using a NanoDrop 2000 (Thermo
Scientific), and 1 pg of total RNA was reverse-transcribed into cDNA
using the HiScript II Reverse Transcriptase kit (Vazyme Biotech Co.,
Ltd.). Quantitative detection of mRNA expression was performed using
StarLighter SYBR Green qPCR mix (Beijing Foreverstar Biotech) with the
following conditions: 95°C for 30 s for Taq activation, followed by 30
cycles of 95°C for 10 s and 60°C for 30 s. TNF-o primers were forward:
5'-caggcggtgectatgtete-3' and reverse:  5'-cgatcaccccgaagttcagtag-3'.
Relative gene expression levels were calculated using the 222 method
with GAPDH for normalization, and all experiments were performed in
triplicate for reliability.

Cellular uptake

4T1 and 3T3 cells were seeded in confocal dishes (1050001, SAIN-
ING Biotechnology) at a density of 5 x 10* cells and cultured for 12 h.
Subsequently, to assess cellular uptake efficiency, we fused the VSVG
protein with green fluorescent protein (GFP) and marked TNF-a with red
fluorescent protein (RFP). 4T1 cells and 3T3 cells were treated sepa-
rately with V-NVs/T+A and incubated for 24 h or 48 h. Following
removal of the culture medium, cells were washed, stained with
Hoechst, and observed under a confocal laser scanning microscope
(CLSM, C2, Nikon, Japan). For quantitative analysis, 4T1 and 3T3 cells
(5 x 10° cells per well) were seeded in 12-well plates and pretreated
with the same concentrations of filipin (7.5 uM), chlorpromazine
(30 uM), and wortmannin (5 uM) before adding NVs. After incubation
and treatment, cells were washed, collected, and analyzed by flow
cytometry (LongCyte, Beijing Challen Biotechnology Co., Ltd.) to assess
cellular uptake efficiency. Western Blot (WB) was conducted to confirm
the expression of VSVG protein in cells treated with NVs. Afterwards,
EVs were extracted from 4T1 cells treated with engineered NVs and
observed using CLSM.

Cellular immune activation

Bone marrow cells were harvested from the tibias and femurs of
6-10-week-old BALB/c mice. The bones were dissected, cleaned of
surrounding muscle tissue, sterilized with 70 % ethanol for 2-5 min, and
washed twice with sterile PBS. Bone marrow was flushed out with cold
PBS using a syringe, filtered through a 70 pm mesh, and centrifuged at
1200 rpm for 5 min. These cells were cultured in RPMI 1640 medium
supplemented with 1 % penicillin-streptomycin and 10 % bovine serum.
To facilitate differentiation into bone marrow-derived dendritic cells
(BMDCs) and bone marrow-derived macrophages (BMDMs), the cultures
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were treated with recombinant mouse granulocyte-macrophage colony-
stimulating factor (GM-CSF) at 20 ng/mL and recombinant mouse
interleukin-4 (IL-4) at 10 ng/mL for BMDCs, or granulocyte-macrophage
colony-stimulating factor (M-CSF) at 20 ng/mL for BMDMs, respec-
tively. The medium was refreshed every other day, and the cells were
cultured for a total of seven days to allow differentiation into BMDCs
and BMDMs. The immature BMDCs and BMDMs were then co-cultured
with 4T1 tumor cells that had been treated with V-NVs/T+A for 48 h.
Subsequently, flow cytometry analysis was performed using antibodies
against CD45, CD11c, CD80 and CD86 for the BMDCs, and CD45,
CD11b, F4/80 and CD80 for the BMDMs.

Cytotoxicity assays

The anti-proliferative activity of V-NVs/T+A was assessed using
MTT assay. 4T1 cells were seeded at a density of 1 x 10° cells per well in
96-well plates and incubated for 12 h. After removing the culture me-
dium, cells were treated with V-NVs/T+A and incubated for 48 h. MTT
solution was then added and incubated for an additional 4 h. The MTT
solution was replaced with dimethyl sulfoxide (DMSO), and cell viability
was measured at 490 nm using a microplate reader (Thermo Scientific,
USA).

Cellular apoptosis

4T1 cells were seeded at a density of 5 x 10° cells per well in 12-well
culture plates (PakGent Bioscience (Suzhou) Co., Ltd.) and incubated for
12 h. Subsequently, the cells were treated with V-NVs/T+A and Z-VAD-
FMK (20 pmol/L), an inhibitor of TNF-a-induced cytotoxicity. After
48 h, the previously used cell culture medium was collected into
centrifuge tubes. The Cells were then digested, and digestion was
terminated by adding the previously collected medium. After centri-
fuging and resuspending the cells, the supernatant was collected after a
second centrifugation. Annexin V-FITC apoptosis detection kit was used
to stain the cells, followed by immediate analysis through flow cytom-
etry. Western blot analysis was performed to assess the expression levels
of caspase-3 activated by TNF-« in the cells.

Mechanism verification of A23187

4T1 cells were seeded at a density of 1 x 10° cells per well in 6-well
plates and incubated for 12 h. The cells were treated with A23187 Sol,
V-NVs/T+A, or NVs containing the calcium ion chelator BAPTA to verify
the effect of A23187 on promoting EVs release. To further investigate
the mechanism by which A23187 promotes EVs release, intracellular
Ca** levels were monitored using the Ca**-sensitive probe Fura-2 AM.
Changes in Ca?* levels were quantified by flow cytometry and validated
using confocal laser scanning microscopy (CLSM).

Validation of intercellular transfer mechanism

The intercellular transmission capability was evaluated using trans-
well experiments. 4T1 cells were seeded in transwell plates (Kirgen
Bioscience (Shanghai) Co., Ltd.) or 12-well culture plates. After 12 h
incubation, fluorescently labeled V-NVs/T+A were applied to the cells
in the upper chamber. Following 2 h incubation, the V-NVs/T+A were
washed away by PBS. After 48 h, the cells in the lower chamber of the
culture plate were digested, reseeded into new upper chambers, and new
4T1 cells were introduced into the lower chamber of the transwell.
Finally, the transfer of EVs between cells was observed using CLSM. In
parallel, to investigate the transmission mechanism, EVs and superna-
tant were extracted from 4T1 cells treated with V-NVs/T+A in 12-well
plates, and their fluorescence was quantified using a microplate
reader. The extracted EVs and supernatant were then incubated with
fresh cells, and flow cytometry was performed to further assess the
transmission efficiency.
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Tumor spheroid penetration efficiency

A tumor spheroid model was established to investigate the drug
permeability and tumor inhibitory effects. Briefly, 1 x 10* 4T1 cells
were seeded in a medium containing consisting of 0.24 % methylcellu-
lose mixed with 1640 medium at a 1:1 ratio and dispensed onto the lids
of round-bottom 96-well plates. Following 24 h incubation in a cell
culture incubator, 200 pL of complete culture medium was added to
each well. The cell spheroids were then centrifuged at 2800 rpm for
3 min, facilitating their transfer from the lids to the wells. Subsequent
culturing involved medium replacement every 48 h. On the fourth day,
the supernatant was aspirated, and the medium was substituted with
either fluorescently labeled or non-fluorescently labeled V-NVs/T+A.
The spheroids were incubated for an additional 48 h. The medium was
removed post-incubation, and the spheroids were rinsed with PBS. The
penetration of fluorescence within the tumor spheroids was assessed
using CLSM. The treated spheroids were stained with Calcein-AM
(4.5 mM) and PI (2 mM) for 30 min, allowing for the visualization of
live and dead cells within the spheroids using the same imaging
modality.

The tumor spheroids were collected by centrifugation, and dissoci-
ated into single cells using fivefold diluted trypsin, followed by another
round of centrifugation. 20 pL of MTT solution was added to each well,
and the cells were incubated at 37°C for 4 h. Post incubation, the su-
pernatant was removed and 200 pL. of DMSO was added. Then,
measured the absorbance at 490 nm using a microplate reader to
calculate cell viability.

Animal

BALB/c mice (female) were supplied by the Animal Center of She-
nyang Pharmaceutical University (Shenyang, Liaoning, China). The use
of animals is approved by the Animal Ethics Committee of Shenyang
Pharmaceutical University.

In vivo pharmacokinetic and distribution

The BALB/c mice were intravenously injected with A23187 Sol, Cy5-
Plasmid Sol, and V-NVs/T+A, with each mouse receiving 100 pg of V-
NVs/T-+A. Blood samples were collected at various time points (0.033,
0.083, 0.25, 0.5, 1, 2, 4, 8, and 12 h) and serum was harvested. Fluo-
rescence of A23187 was measured using a plate reader at Aex= 378 nm
and Aepm= 430 nm and fluorescence of Cy5-Plasmid was measured at
Aex= 650 nm and Aep= 670 nm. The concentrations of A23187 and
plasmid were obtained according to the standard curves.

4T1 cells (1 x 10° cells) were injected into the female BALB/c mice.
In order to achieve real-time evaluation on the biodistribution of V-NVs/
T+A by fluorescence imaging, DiR was utilized to label the NVs (DiR-
NVs/T+A and DiR-V-NVs/T+A) at a dosage of 1 mg/kg DiR equivalent.
When the subcutaneous 4T1 tumor volume reached approximately
200 mm?®, we administered DiR Sol, DiR-NVs/T-+A and DiR-V-NVs/T-+A
via intravenous injection (n = 3). At predetermined time points (2, 4, 8,
12, and 24 h), we anesthetized mice and conducted images using IVIS
imaging system. Mice were euthanized at 4, 12, and 12h post-
administration, major organs and tumors were collected for analysis
using the IVIS imaging system.

In vivo penetration experiments

BALB/c mice bearing 4T1 tumors were intravenously injected with
DiR-labeled NVs (NVs/T, V-NVs/T, and V-NVs/T+A) or their unlabeled
counterparts at a dosage of 100 pg NVs per mouse. After 48 h, tumors
were harvested, fixed in 4 % paraformaldehyde, embedded in paraffin,
and sectioned into 5 pm-thick slices. Tumor slices from the DiR-labeled
groups were subjected to CD31 immunofluorescence staining to visu-
alize tumor vasculature and assess drug penetration under a confocal
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laser scanning microscope (CLSM). Fluorescence quantification was
performed using ImageJ software to compare the penetration efficiency
of V-NVs/T+A. For the unlabeled NVs groups (NVs, V-NVs/T, and V-
NVs/T+A), tumor slices were stained with CD63, anti-TNF-a and anti-
VSVG antibodies. Appropriate fluorescently labeled secondary anti-
bodies were applied. The samples were imaged using CLSM, and the
fluorescence signals of TNF-a and VSVG were quantified using ImageJ to
evaluate delivery efficiency and distribution patterns within the tumor.

In vivo anti-metastasis performance

4T1 cells (1 x 10° cells) were injected into the female BALB/c mice.
Six days later, to simulate a more malignant invasion and hematogenous
metastasis, each mouse was intravenously injected with a 4T1-Luc cell
suspension of 100 pL. After two days of inoculation, the mice are divided
into six groups and treated with Saline, NVs/T, V-NVs, V-NVs/A, V-NVs/
T, V-NVs/T+A. Treatments were administered every three days for four
cycles, with a dosage of 100 pg NVs per cycle. One day after each
administration, the mice were intraperitoneally injected with D-Lucif-
erin solution (15 mg/mL). 10 min later, bioluminescence was immedi-
ately detected and analyzed using an in vivo bioluminescent imaging to
assess cancer metastasis.

After the final treatment, mice were euthanized, and their lungs were
promptly harvested to assess cancer metastasis. Lung invasion by ma-
lignant cells was evaluated through ex vivo bioluminescent imaging after
immersing the harvested lungs in D-Luciferin solution (15 mg/mL) for
10 min. Concurrently, lung tissues were fixed in Bouin’s fluid and sub-
jected to H&E staining to assess pathological changes and evaluate the
efficacy of the anti-metastatic treatment. Additionally, liver sections
were also analyzed using H&E staining to provide a comprehensive
assessment of metastasis. Tumor dimensions were documented, and
H&E staining was performed to further analyze the tissue morphology.

In vivo antitumor evaluation

BALB/c mice were inoculated with 1 x 10° 4T1 cells into the breast
fat pad. Upon tumor volumes reaching approximately 100 mm?, mice
were divided into six groups and treated with Saline, NVs/T, V-NVs, V-
NVs/A, V-NVs/T, V-NVs/T+A. Treatments were administered every two
days for five cycles, with each dose containing 100 pg of NVs. After the
last treatment, blood was collected for liver and kidney function anal-
ysis, and the mice were sacrificed for organ and tumor tissue collection.
Tissues were fixed in 4 % paraformaldehyde for subsequent H&E
staining, TUNEL assay, Ki67 analysis, and CD8" T cell immunofluores-
cence staining. Additionally, tumor tissues were homogenized in ice-
cold PBS, and the supernatant was collected after centrifugation at
13,000 rpm for 15 min. The levels of TNF-a, INF-y and IL-6 were then
measured using the corresponding ELISA Kits.

In vivo immunity

After the final treatment, tumor tissues were excised and cut into
small pieces (2-4 mm). The tissue fragments were placed in a dissocia-
tion buffer containing 1 mg/mL collagenase type IV, 0.1 mg/mL DNase
I, and 0.1 mg/mL hyaluronidase in RPMI-1640 medium. The samples
were incubated at 37°C with gentle shaking for 1 h to generate single-
cell suspensions. Following digestion, the tissues were mechanically
dissociated using the rubber end of a syringe and filtered through a 70
pm strainer to remove debris. The resulting cell suspensions were treated
with red blood cell lysing buffer to eliminate erythrocytes. For viability
assessment, cells were stained with the Fixable Viability Stain 700
following the manufacturer’s instructions.

To analyze tumor-infiltrating CD8™ T cells (CD457CD3"CD8™) and
regulatory T cells (Tregs, CD45"CD3"CD4 "Foxp3™), cells were stained
with anti-CD45-APC/Cy7, anti-CD3-FITC, anti-CD4-APC, and anti-CD8-
PerCP/Cy5.5 antibodies according to the manufacturer’s protocols.
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Following surface staining, cells were treated with a permeabilization
buffer to allow intracellular staining. Intracellular markers were labeled
using anti-Foxp3-PE antibodies. For the detection of tumor-infiltrating
TNF-o"CD8™ T cells (CD45"CD3"CD8TNF-") and IFN-y"CD8™ T cells
(CD45"CD3*CD8™ IFN-*), cells were first stained with anti-CD45-APC/
Cy7, anti-CD3-FITC, and anti-CD8-PerCP/Cy5.5 antibodies for surface
markers. Subsequently, permeabilization and intracellular staining were
performed using anti-TNF-a-APC and anti-IFN-y-PE antibodies. To
investigate macrophage subtypes within the tumor microenvironment,
Mi-like tumor-associated macrophages (CD457CD11b"F4/807CD80™)
and M2-like tumor-associated macrophages (CD457CD11b*F4/
807CD206") were analyzed. Cells were labeled with anti-CD45-APC/
Cy7, anti-F4/80-PerCP/Cy5.5, and anti-CD80-PE antibodies for surface
markers. Intracellular staining for M2 macrophages was performed
using anti-CD206-APC antibodies following permeabilization. For the
assessment of dendritic cell (DC) maturation
(CD457CD11¢"CD867CD80™), tumor-draining lymph nodes were har-
vested and processed similarly. The cells were stained with anti-CD45-
APC/Cy7, anti-CD11c-FITC, anti-CD86-APC, and anti-CD80-PE anti-
bodies according to the manufacturer’s protocols. The populations of
immune cells in tumors and lymph nodes were finally determined with a
flow cytometer and analyzed using FlowJo software.
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