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Introduction: Extracellular vesicles (EVs) play a critical role in shaping the tumor immune microenvironment (TME) by mediating 
intercellular communication and transferring oncogenic proteins, microRNAs, and immunosuppressive molecules. Tumor-derived EVs 
(TDEVs) typically promote immune evasion by inducing M2 macrophage polarization, suppressing cytotoxic T-cell activity, and 
enhancing angiogenesis. Recent evidence suggests that oncolytic viruses (OVs) can reprogram EV secretion, generating OV-derived 
EVs (OV-EVs) with immunostimulatory properties capable of activating antitumor immune responses.
Methods: In this study, we investigated how infection with oncolytic vaccinia virus (OVV) alters the EV secretion profile of colon 
cancer cells. EVs derived from OVV-infected tumor cells were isolated and characterized, and their effects on macrophage polarization 
were evaluated using in vitro assays.
Results: Our results demonstrate that OVV infection significantly alters the composition and immunological properties of tumor-derived EVs. 
OV-EVs were enriched with pathogen-associated and damage-associated molecular patterns (PAMPs/DAMPs), which promoted macrophage 
reprogramming toward a pro-inflammatory M1 phenotype and enhanced immune activation associated with antitumor responses.
Discussion: These findings indicate that OVV-induced EVs can reshape the tumor immune microenvironment by modulating 
macrophage polarization. This study provides new insights into the EV-mediated mechanisms of oncolytic virotherapy and highlights 
the potential of OV-derived EVs as a novel strategy for EV-based cancer immunotherapy.
Keywords: extracellular vesicles, tumor immune microenvironment, oncolytic viruses, macrophage polarization

Introduction
In the dynamic regulatory network of the tumor immune microenvironment (TME), extracellular vesicles (EVs), as nanoscale 
membrane-bound communication vehicles, play a pivotal role in tumor initiation, progression, and metastasis by transporting 
proteins, nucleic acids, lipids, and other bioactive molecules.1–3 Numerous studies have demonstrated that tumor-derived EVs 
(TDEVs) often act as facilitators of tumor progression by delivering oncogenic proteins, microRNAs (miRNAs), and immuno
suppressive molecules such as PD-L1 and TGF-β, as well as M2-polarization-promoting factors like miR-21 and HIF-1α. These 
cargos can drive macrophage polarization toward the pro-tumorigenic M2 phenotype, suppress CD8+ T cell activity, promote 
angiogenesis and tumor metastasis, and ultimately dampen anti-tumor immune responses, thereby fostering an environment 
conducive to tumor growth and immune evasion.2,4–9 For example, breast cancer cell-derived EVs deliver miR-1246, which 
downregulates BATF3 expression in macrophages, thereby inhibiting their polarization toward the anti-tumor M1 phenotype.10,11 

Additionally, tumor-secreted EVs can transfer PD-L1 to immune cells, suppressing T and NK cell cytotoxic activity.12 TDEVs 
carrying oncogenic miRNAs such as miR-21 further enhance tumor cell proliferation, migration, and invasion, and angiogenesis.7 

Recent studies have revealed that viral infection can reshape the EV secretion profile of tumor cells, potentially converting EVs 
from immunosuppressive carriers into immunostimulatory messengers.13 Oncolytic viruses (OVs) can influence the composition 
and biological functions of tumor-derived EVs through multiple mechanisms, including virus-induced cellular stress responses 
and immune activation.14,15 Virus-induced endoplasmic reticulum stress and calcium dysregulation can enhance EVs release 
efficiency.16,17 oncolytic vaccinia virus (OVV) can generate “oncolytic virus-derived EVs (OV-EVs)”18,19 carrying viral 
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pathogen-associated molecular patterns (PAMPs, such as dsRNA, CpG DNA) and host damage-associated molecular patterns 
(DAMPs, such as HSP70, HMGB1), thereby exerting anti-tumor effects.20–22 Engineered OVs can deliver misfolded proteins to 
tumor cells, activating dendritic cells and CD8+ T cell-mediated immunity.23,24 Furthermore, biomaterials with cytocompatibility 
and bioactivity have been explored as delivery platforms for OVs, improving targeting and enhancing immune activation.25 

Despite the encouraging progress of oncolytic virotherapy, several challenges remain for its clinical translation, including limited 
systemic delivery efficiency, antiviral immune clearance, tumor heterogeneity, and the fact that currently approved therapies such 
as T-VEC are mainly administered through intratumoral injection, which restricts their application to accessible lesions.

Macrophages are the most abundant immune cells infiltrating solid tumors (often exceeding 50%). M2-type macrophages 
promote tumor progression and treatment resistance by secreting IL-10, TGF-β, and arginase-1,26,27 whereas M1-type 
macrophages can recruit CD8+ T cells and improve the adhesion ability of tumor vascular endothelial cells to immune cells 
by secreting chemokines such as CXCL9/10,28,29 thereby transforming the tumor microenvironment from an “immune desert” 
to an “immune inflammatory” state. Their remarkable plasticity is guided by metabolic reprogramming, which serves as 
a central determinant of functional polarization.30 Although existing studies have preliminarily confirmed the potential of OV- 
EVs to induce M1 polarization,31–33 different oncolytic viruses exhibit distinct EV secretion characteristics.

Although previous studies have demonstrated that oncolytic viruses can reshape the extracellular vesicle landscape of 
tumor cells, most investigations have focused on a limited number of viral platforms, and the virus-specific characteristics of 
EV modulation remain insufficiently understood. In particular, the mechanisms by which OVV influences the composition and 
immunological function of tumor-derived EVs have not been fully elucidated. The specific molecular components of OVV- 
derived EVs responsible for macrophage reprogramming remain largely unknown. Understanding these mechanisms could 
provide a basis for developing OVV-EV-based immunotherapies.

As an oncolytic adenovirus (Ads) obtained by genetically engineering the wild-type human adenovirus type 5 to knock 
out the E1B-55KD gene fragment and part of the E3 region, H101 is currently the only approved oncolytic virus-based anti- 
tumor drug in China, used for the treatment of advanced nasopharyngeal carcinoma.34 OVV is the first OV proven to form 
infections in tumor foci through intravenous injection. OVV selectively replicates and lyses tumor cells within tumors, 
triggers anti-tumor immunity in the body, and interacts with the immune system in various forms and pathways, improving 
the tumor immune microenvironment, enhancing immune cell infiltration, and activating tumor-specific immune 
responses.23 However, whether infection with OVV alters the immunological properties of tumor-derived EVs and thereby 
regulates macrophage polarization remains poorly understood. In this study, we aim to explore how OVV infection affects 
the characteristics of EVs secreted by colon cancer cells, isolate EVs via ultracentrifugation, and assess their potential 
impact on macrophage polarization, providing theoretical support for novel EV-based tumor immunotherapy strategies 
(Scheme 1).

Materials and Methods
Cell Culture and Reagents
CT26 (mouse colon cancer cells) were cultured in DMEM (with 100 IU/mL penicillin-streptomycin added and 10% fetal 
bovine serum) at 37°C and 5% CO2. RAW 264.7 (mouse mononuclear macrophage leukemia cells) were cultured in 
DMEM with 10% fetal bovine serum added at a temperature of 37°C and 5% CO2. The cell lines used in this study were 
obtained from American Type Culture Collection (ATCC). F4/80, CD86 and CD206 antibodies used for flow cytometry 
analysis were derived from BD Pharmingen (USA) and Thermo Fisher (USA).

EV Production and Isolation
For the infection experiment, confluence tumor cells were infected with MOI = 0.1 and cultured in serum-free medium for 
24 hours. Collect the culture supernatant, centrifuge the conditioned medium to remove cells (500 xg, 5 min), cell debris (2000 
xg, 10 min), and large vesicles (10,000 xg, 30 min), and filter under a 0.22 μm filter membrane. Then perform ultracentrifugation 
until the precipitate EV (100,000 xg, 2 h). Resuspend EV in 100 μL of 0.22 μm filtered PBS and use immediately or store at 
-80°C. The extracellular vesicles (EVs) secreted by tumor cells and the exosomes (OV-EVs) released by tumor cells after 
oncolytic virus infection were collected and extracted, and the total amount of exosome proteins was quantified by the BCA 
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method. Polarized RAW264.7 macrophages were treated with 10 μg/mL EV or OV-EV for 24 h. The PBS treatment group was 
used as the negative control.

Tem
Use tweezers to pick up the copper mesh. Place the Formvar/carbon membrane copper mesh (200 mesh) with the front 
side up on the filter paper and let it stand at room temperature for 5 minutes. Drop 10 μL of 0.1% polylysine solution 
onto the surface of the copper mesh, absorb the excess liquid with filter paper, and dry at room temperature for 
10 minutes for later use. Draw 10 μL of exosome suspension and drop it onto a copper mesh, RT, let it stand for 
5–10 minutes, and then dry the liquid with filter paper. Add 5 μL of uranium acetate negative staining solution drop by 
drop, at room temperature for 30s-1 min, absorb dry with filter paper, and bake in an oven at 37°C overnight.

Cytotoxicity Determination
RAW264.7 cells were respectively induced or not induced into M1 and M2 phenotypes. Then, different treatment groups 
of EVs and OV-EVs were added. After incubation for 24 h, the supernatant was discarded. CCK8 reagent was added and 
incubated at 37°C for 1–2 h, avoiding light. Absorbance was measured at a wavelength of 450 nm.

Flow Cytometry Detection
The mouse macrophage cell line RAW264.7 was cultured in high glucose DMEM medium containing 10% fetal bovine serum 
and 1% streptomycin and placed in a constant temperature incubator at 37 °C with 5% CO2. Cells were inoculated in 24-well 
plates and subjected to polarization treatment when the fusion degree reached approximately 70–80%. To induce the M1 
phenotype, 100 ng/mL lipopolysaccharide (LPS) and 20 ng/mL interferon-γ (IFN-γ) were added for stimulation for 24 h. To 
induce the M2 type phenotype, 10 ng/mL interleukin 4 (IL-4) and 10 ng/mL interleukin 13 (IL-13) were added for 24 h, while 
EVs and OV-EVs were added for treatment. After the treatment was completed, the cells were collected and washed twice 
with PBS, and then stained with fluorescence-labeled antibodies, including F4/80 (PE), CD86 (FITC), and CD206 (APC), all 
of which were purchased from BioLegend. Staining was carried out in the dark at 4 °C for 30 min. CD206 was stained after 

Scheme 1 Schematic diagram of the improvement of the tumor immunosuppressive microenvironment by extracellular vesicles secreted by tumor cells infected with 
oncolytic virus. After being infected with oncolytic viruses, tumor cells release exosomes/vesicles carrying the virus and related immunomodulatory factors through vesicle 
secretion. After separating these vesicles by ultracentrifugation, they were applied to tumor-associated macrophages (TAMs) to promote their transformation from pro- 
tumor M2 type to anti-tumor M1 type, thereby reshaping the tumor immune microenvironment and enhancing the body’s immune response to tumors.
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membrane rupture. After staining, the cells were washed again and resuspended in PBS containing 2% FBS. Data collection 
was performed using a Beckman flow cytometer.

qPCR
RAW264.7 was stimulated with 100 ng/mL LPS and 20 ng/mL IFN-γ, while different treatment groups of EVs and OV- 
EVs were added respectively. After incubation for 24 h, the supernatant was discarded and RNA of each group was 
extracted using the RNA Extraction Kit (Vazyme). The concentration and purity of RNA (the ratio of 260/280 was 
between 1.8 and 2.0) were detected by the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific). 1 μg of total 
RNA was taken for cDNA synthesis using the reverse transcription kit (Takara), and the reaction system and conditions 
were carried out according to the instructions. Real-time quantitative PCR reactions were performed on the qPCR 
instrument using SYBR Green qPCR Master Mix (Takara). The total amount of each reaction system was 20 μL, 
including 10 μL of 2×SYBR Premix, 0.4 μL of upstream primers, 0.4 μL of downstream primers, 2 μL of template 
cDNA, and 7.2 μL of RNase free water. The amplification conditions are as follows: Pre-denaturation at 95 °C for 30s; 
Then 40 cycles: 95 °C for 5s, 60 °C for 30s. After the reaction was completed, the melting curve analysis was conducted 
to verify the specificity of the amplification products. All samples were repeated three times using the technique, and the 
expression levels were calculated using the 2^−ΔΔCt method. The internal reference gene selected is β-actin.

Statistical Analysis
All the data were statistically analyzed using GraphPad Prism8.0 software. Mean ± standard deviation (SD) is presented for all 
values. All data were obtained from at least three independent biological replicates. The statistical differences between the two 
groups were analyzed using the unpaired t-test, and one-way analysis of variance (Graphpad Prism 8) was used among 
multiple groups with differences. The statistical significance was *P < 0.05, **P < 0.01, and ***P < 0.001 respectively.

Results
Characteristics of Tumor-Derived Extracellular Vesicles
To explore the effect of oncolytic virus infection on the secretion profile of tumor-derived extracellular vesicles (EVs), we 
infected the murine colorectal cancer cell line CT26 with an OVV. Virus-modulated EVs (OV-EVs) were isolated from the 
culture supernatant at 24 hours post-infection, a time point selected prior to the onset of notable cytopathic effects to reduce 
the potential contribution of vesicles released during extensive cell lysis. We first performed a physicochemical character
ization of both EVs and OV-EVs. Compared to EVs from uninfected cells, OV-EVs exhibited an approximately 15% 
increase in particle size (Figure 1A), along with a marked shift in zeta potential (Figure 1B), indicating that viral infection 
may remodel surface charge properties. Transmission electron microscopy (TEM) confirmed the typical vesicular morphol
ogy in both groups (Figure 1C). Classical exosomal markers such as CD63, CD81, and TSG101 were not evaluated in this 
study, and EV identification was based on TEM morphology, particle size distribution, and zeta potential analysis. 
Subsequently, we assessed the cytotoxicity of EVs and OV-EVs toward macrophages with distinct phenotypes. Both EV 
preparations showed minimal toxicity, with no significant adverse effects on macrophage viability (Figure 1D). 
Interestingly, morphological analysis of RAW264.7 macrophages 24 hours after treatment revealed divergent polarization 
responses: conventional tumor-derived EVs induced an elongated spindle-like morphology characteristic of M2-like 
macrophages, while OV-EVs promoted a stellate, pro-inflammatory morphology indicative of M1 polarization 
(Figure 1E). These findings support our hypothesis that oncolytic virus infection reprograms the molecular content and 
functional properties of tumor-derived EVs, potentially enabling them to deliver immunostimulatory signals that shift the 
tumor microenvironment from immunosuppressive to immunoreactive.

Tumor-Derived EVs Promote M2-Like Macrophage Polarization
To investigate the role of tumor-derived extracellular vesicles (EVs) in regulating macrophage polarization, we collected OV- 
EVs secreted by CT26 cells 24 hours post-infection with OVV. M0-type macrophages were subsequently treated with EVs 
derived from both infected and uninfected cells. Flow cytometry analysis (Figure 2A) revealed that tumor-derived EVs 
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significantly promoted macrophage polarization toward the immunosuppressive M2 phenotype, as evidenced by a marked 
increase in the proportion of CD206+ F4/80+ cells. This finding suggests that EVs possess the potential to facilitate the 
establishment of a tumor-associated immunosuppressive microenvironment. Conversely, treatment with OV-EVs markedly 
upregulated the proportion of CD86+ F4/80+ cells, indicating their capacity to drive macrophages toward the pro-inflammatory 
M1 phenotype (Figure 2B and C). Quantitative analysis further corroborated these findings, demonstrating that OV-EV 
treatment increased the proportion of CD86+ macrophages to approximately 12%, which was significantly higher than that 
observed in the EV-treated group (Figure 2B). Additionally, the proportion of CD206+ cells was notably reduced compared to 
the EV treatment group (Figure 2C). Collectively, these results suggest that EVs derived from uninfected tumors strongly 
induce macrophages to polarize toward the M2-type immunosuppressive phenotype, whereas OV infection can reprogram EV 
function, reverse their inducing effect, promote the formation of the M1-type pro-inflammatory phenotype, and potentially 
enhance the tumor immune microenvironment.

OV Infection Reprograms Immunosuppressive EV Signaling
To determine whether tumor-derived EVs influence macrophage polarization, we employed a classical induction model in 
which M0 macrophages were polarized toward the M1 phenotype under LPS and IFN-γ stimulation, while simultaneously 
treated with EVs from different experimental groups. It is well established that M0 macrophages can differentiate into 

Figure 1 Characterization of extracellular vesicles derived from tumors. (A) Particle size diagrams of EV and OV-EV. n=3. (B) Zeta potentials of EV and OV-EV. n=3. (C) 
Transmission electron microscope image of EV. (D) Cytotoxicity of EV administration under the three states of M0, M1 and M2. (E) Bright-field cell morphology of 
RAW264.7 cells after treatment with different administration groups. Data were expressed as mean ± SD.
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immunosuppressive M2 macrophages under IL-4 and IL-13 stimulation, characterized by elevated expression of CD206, Arg- 
1, and IL-10. In contrast, exposure to LPS and IFN-γ drives polarization toward the pro-inflammatory M1 phenotype, typically 
marked by upregulation of CD86, TNF-α, and IL-6 (Figure 3A). Using this model, we observed that co-incubation with tumor- 
derived EVs during M1 induction led to a significant increase in the proportion of CD206+ macrophages, suggesting that these 
EVs disrupted M1 polarization and instead promoted a shift toward the M2 phenotype. This indicates that tumor-derived EVs 
may skew macrophages toward an anti-inflammatory or tissue-repair phenotype (Figure 3B), further supporting their role in 
establishing an immunosuppressive tumor microenvironment. In contrast, EVs derived from OV-EVs did not exhibit this M2- 
inducing effect. Instead, they enhanced M1-associated markers and inflammatory responses (Figure 3C–E). These findings 
suggest that OV infection reprograms the immunomodulatory properties of tumor-derived EVs, effectively disrupting their 
capacity to promote M2 polarization, and thereby playing a pivotal role in remodeling the tumor immune microenvironment.

OV-EVs Disrupt Tumor EV-Induced M2 Polarization of Macrophages
To mimic the macrophage phenotype typically found in the tumor microenvironment, we first induced M0 macrophages 
to polarize toward the M2 phenotype using IL-4 and IL-13. During the polarization process, EVs or OV-EVs from 
different treatment groups were added to assess their effects on macrophage phenotype. Flow cytometry analysis revealed 
that co-treatment with IL-4/IL-13 and tumor-derived EVs led to a two-fold increase in the proportion of CD206+ 

macrophages compared to the control group (Figure 4A). In contrast, treatment with OV-EVs significantly reduced the 
proportion of CD206+ cells while simultaneously increasing CD86 expression (Figure 4B–D). These findings suggest 
that OV infection may alter the cargo composition of EVs, such as by incorporating pro-inflammatory miRNAs or viral 

Figure 2 Tumor-derived EVs can induce M0 type RAW264.7 cells to polarize towards pro-inflammatory macrophages. (A) The expression of CD86 and CD206 after 
treatment in different groups of PBS, EV and OV-EV, and (B) quantitative analysis of CD86 and (C) CD206. n=3. Data were expressed as mean ± SD. *p < 0.05.
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protein fragments—which in turn disrupts the immunosuppressive M2 polarization program and promotes a shift toward 
a pro-inflammatory M1-like phenotype.

EV-Mediated Cytokine Modulation Following OV Infection
To further elucidate the mechanisms by which EVs and OV-EVs modulate macrophage inflammatory states, we assessed 
the expression of key genes associated with M1 (TNF-α, IL-6, CD86) and M2 (IL-10, Arg-1, CD206) polarization. OV- 
EV treatment markedly increased the mRNA levels of CD86, TNF-α, and IL-6 compared to both control and EV-treated 
groups (Figure 5A–C), indicating enhanced M1-like activation. In contrast, the expression of M2-associated markers 
CD206, Arg-1, and IL-10 was significantly reduced in the OV-EV group relative to the EV group (Figure 5D–F). These 
expression patterns were further confirmed by heatmap analysis (Figure 5G), reinforcing the notion that OV-EVs 
reprogram macrophage polarization toward a pro-inflammatory M1 phenotype. Collectively, these findings suggest that 
OV-EVs not only promote M1-type inflammatory responses but also actively suppress M2-type immunosuppressive 

Figure 3 The EV secreted by tumor cells infected with OV partially enhances the polarization of macrophages towards type M1. (A) Schematic diagram of the classical 
model of macrophage polarization. (B) Flow cytometry detection of CD86 and CD206 induced by different administration groups of RAW264.7 induced M1-type 
macrophages and (C) quantitative analysis of CD86 and (D) CD206. (E) Proportional analysis of M1/M2. n=3. Data were expressed as mean ± SD. **p < 0.01, and ns 
indicated no statistical significance.
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signaling, thereby shifting macrophages toward an immunostimulatory state. This highlights the therapeutic potential of 
OV-EVs as immune-modulating agents in the context of cancer immunotherapy.

Conclusion
In this study, we observed that although tumor-derived EVs carry tumor antigens capable of initiating anti-tumorimmune 
responses, growing evidence suggests that tumor cells can also evade immune surveillance by releasing EVs enriched 
with immunosuppressive molecules.13 EVs have been widely recognized as pivotal mediators of communication between 
tumors and the host immune system.15 For instance, Wieckowski et al14 demonstrated that tumor-derived microvesicles 
promote the expansion of regulatory T cells (Tregs) and induce apoptosis of tumor-reactive CD8+ T cells, thereby 
enhancing tumor immune evasion. Interestingly, EVs released by tumor cells following OV infection may carry viral 
nucleic acids and immune-regulatory factors that reshape the immunosuppressive tumor microenvironment. By encap
sulating OVs along with immune-stimulating components—such as tumor antigens, interferon-β,and DAMPs—within 
small EVs (sEVs), these vesicles may exert synergistic effects on both tumor and immune cells, ultimately boosting anti- 
tumor immune responses.16 Moreover, the anti-tumor efficacy of certain OVs may involve modulation of the protein 
cargo within tumor-derived EVs, affecting both anti-tumor and antiviral immunity. Notably, OV-infected tumor cells can 
release EVs enriched with viral components and immune-stimulatory molecules, which play a critical role in reprogram
ming the tumor immune microenvironment. Previous studies have shown that OV-EVs are enriched in pro-inflammatory 

Figure 4 The EV secreted by tumor cells infected with OV reverses the immunosuppression of macrophages. (A) Flow cytometry detection of CD86 and CD206 induced 
by different administration groups of RAW264.7-induced M2-type macrophages and (B) quantitative analysis of CD86 and (C) CD206. (D) Proportional analysis of M1/M2. 
n=3. Data were expressed as mean ± SD. *p < 0.05, ****p < 0.0001.
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microRNAs such as miR-155 and miR-21, which can promote macrophage polarization toward the pro-inflammatory M1 
phenotype, thereby contributing to the restoration of anti-tumor immunity.

Recent studies have also demonstrated that extracellular vesicles derived from tumor cells infected with other OVs 
exhibit similar immunomodulatory properties. For example, EVs released from tumor cells infected with oncolytic 
adenoviruses have been reported to carry viral components and immune-stimulatory molecules capable of activating 
dendritic cells and promoting anti-tumor immune responses. Likewise, extracellular vesicles associated with herpes 
simplex virus (HSV) infection contain viral nucleic acids, proteins, and host-derived immune regulators that can 
modulate innate immune signaling pathways. These observations suggest that virus-modulated EVs may represent 
a common mechanism through which different OVs communicate with and reshape the tumor immune microenviron
ment. In this context, our findings further support that OVV infection can similarly reprogram tumor-derived EVs to 
enhance pro-inflammatory macrophage polarization.

Our study further confirms that tumor-derived EVs, in the absence of viral infection, significantly increase the proportion 
of CD206+ cells across different macrophage phenotypes, indicating a strong tendency to drive polarization toward the 
immunosuppressive M2 phenotype. This process not only inhibits the activation of anti-tumor immune responses but also 
potentially facilitates immune evasion, sustained tumor growth, and metastasis. In contrast, macrophages treated with OV-EVs 
exhibited a distinct shift in phenotype, characterized by a significantly increased M1/M2 ratio and a higher proportion of pro- 
inflammatory M1-like macrophages, suggesting a heightened potential to elicit anti-tumor immune responses.

Collectively, our findings demonstrate that OV infection alters the immunological properties of tumor-derivedEVs, trans
forming them from immunosuppressive vesicles that promote M2 polarization into immune-activating carriers capable of driving 
M1 polarization. This reprogramming effect significantly influences macrophage polarization and highlights the critical role of 
EVs in modulating tumor immunity. The high sensitivity of macrophage phenotypes to EV-mediated signals underscores the 
potential of targeting EV function to optimize OV-based immunotherapy. However, several limitations of the present study 

Figure 5 Extracellular vesicles of tumor cells induce M2 polarization, and extracellular vesicles infected with viruses can reverse the macrophage phenotype. The secretion 
levels of CD86 (A), TNF-α (B), IL-6 (C), Arg-1 (D), IL-10 (E) and CD206 (F) in Raw264.7 cells after different treatments were measured by qPCR. (G) The mRNA expression 
levels of CD86, TNF-α, IL-6, Arg-1, IL-10 and CD206 are shown as heat maps. n=3. Data were expressed as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and ns 
indicated no statistical significance.
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should be acknowledged. First, the experiments were primarily conducted using in vitro macrophage models and a single colon 
cancer cell line, which may not fully recapitulate the complexity and heterogeneity of the tumor immune microenvironment 
in vivo. Second, although OV-EVs were shown to modulate macrophage polarization, the specific molecular components 
responsible for this effect were not comprehensively identified in the current study. Building on these results, future investigations 
should focus on the identification and functional characterization of key immunoregulatory components-such as miRNAs, 
proteins, and lipids-within OV-EVs that contribute to macrophage polarization. Additionally, mechanistic studies comparing 
OVV-EVs with other OV-EVs, including adenovirus and HSV-derived EVs, will be critical to elucidate virus-specific 
immunomodulatory effects. Elucidating the molecular mechanisms underlying this process will provide a solid theoretical 
foundation and technical basis for the development of OV-EV-based combination immunotherapies.
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