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In the tumor microenvironment, both tumor cells and tumor-associated macrophages (TAMs) frequently 
impede the effective treatment of glioblastoma (GBM). Herein, a co-extracellular vesicles (EVs) delivery system 
composed of M0 RAW264.7 macrophage-derived extracellular vesicles (MEVs) and doxorubicin (DOX)-loaded 
lemon-derived EVs (LEVDs) is demonstrated, enabling a significant enhancement of immunochemotherapy for 
GBM. This system facilitates the penetration of both EV types across the blood–brain barrier and blood–brain 
tumor barrier, enabling precise modulation of TAMs and tumor cells within the GBM microenvironment. During 
this process, MEVs exhibit a remarkable homing capacity toward TAMs, and meanwhile, they are enriched in 
microRNA let-7f-5p, which targets the 3′ untranslated region of A20 mRNA in M2 macrophages, leading to the 
activation of nuclear factor κB signaling pathway. This cascade drives the repolarization of M2 macrophages 
toward an M1 phenotype, effectively reversing the immunosuppressive tumor microenvironment. Concurrently, 
LEVDs exhibit exceptional targeting of GBM cells through receptor–ligand interactions, facilitating efficient 
chemotherapy. As expected, the co-EVs delivery system significantly enhances immunochemotherapy for 
GBM through MEVs-mediated TAM repolarization and LEVDs-driven chemotherapy.

Introduction

   Glioblastoma (GBM) is recognized as the most aggressive pri-
mary brain tumor owing to its high mortality and poor prognosis 
[  1 ]. Two primary challenges persist in the clinical treatment of 
GBM. First, the blood–brain barrier/blood–brain tumor barrier 
(BBB/BBTB) severely restrict the drug delivery to brain tissues 
[  2 –  6 ]. Second, the highly immunosuppressive tumor microen-
vironment, predominantly shaped by tumor-associated macro-
phages (TAMs), further complicates treatment [  7 ,  8 ]. These TAMs 
are mainly skewed toward an M2 phenotype and secrete large 
quantities of immunosuppressive cytokines, thereby inhib iting 
the recruitment and antitumor activity of cytotoxic T cells [  9 ,  10 ]. 
Consequently, both TAMs and tumor cells within the tumor 
microenvironment exhibit concurrent resistance, thus greatly 
impeding the successful treatment of GBM [  11 –  17 ]. Therefore, 
dual targeting of TAMs and cancer cells seems to be a promising 
therapeutic strategy. To date, several attempts have been made to 
simultaneously modulate TAMs and tumor cells by incorporating 
immunomodulatory payloads and chemothe rapeutics into a 

single nanoparticle or hybrid extracellular vesicles (EVs) platform 
[ 17 –  24 ]. However, such coencapsulation strategies frequently 
expose tumor-resident and systemic immune cells (including 
TAMs) to chemotherapeutics because macrophages are major 
nanoparticle sinks [  25 ,  26 ]. This nonspecific drug exposure can 
cause cytotoxicity or dysfunction of macrophages and other 
immune cells, potentially compromising immunomodulatory 
efficacy and disrupting antitumor immune crosstalk [  27 ,  28 ].

   In living systems, diverse cells and their derivatives coexist, 
each carrying distinct information that synchronously and 
inde pendently regulates life activities, which is crucial for effi-
cient system function and overall health. This common phe-
nomenon inspires us to develop a codelivery system capable 
of simultaneously and independently modulating TAMs and 
tumor cells within the tumor microenvironments. Herein, we 
demonstrated a distinct co-EVs delivery system that leverages 
2 separate and independent EV populations, each for a specific 
cellular target. The co-EVs delivery system comprises: (a) M0 
macrophage-derived EVs (MEVs) enriched with immuno-
modulatory microRNA (miRNA) let-7f-5p, which home to 
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TAMs (Fig.  1 A); and (b) cyclic arginine-glycine-aspartic acid 
(cRGD) peptides-functionalized, doxorubicin (DOX)-loaded 
lemon-derived EVs (LEVDs) engineered to specifically target 
GBM cells (Fig.  1 B). This strategy ensures functional specializa-
tion: MEVs carrying let-7f-5p target A20 mRNA to activate the 
nuclear factor κB (NF-κB) signaling pathway, driving the repo-
larization of M2 macrophages to an M1 phenotype to reverse 
the immunosuppressive tumor microenvironment; LEVDs inde-
pendently deliver cytotoxic DOX to tumor cells for efficient 
chemotherapy (Fig.  1 C) [  29 ,  30 ]. By physically separating the 
immunomodulator and the chemotherapeutic agent, our co-EVs 
platform protects macrophages from chemotherapy-induced 
nonspecific cytotoxic effects, enabling simultaneous and syner-
gistic remodeling of the tumor microenvironment and direct 
tumor eradication.           

Results

M0 macrophage-derived EVs repolarized M2 
macrophages to an M1 phenotype
   MEVs were first isolated from M0 RAW264.7 cells (Fig.  2 A). 
Dynamic light scattering revealed that the hydrodynamic 
diameter and zeta potential of MEVs was 245.87 ± 21.38 nm 
and −19.20 ± 1.7 mV, respectively (Fig.  2 B). Transmission 
electronic microscopy images showed that MEVs possessed 
lipid bilayers and exhibited a spherical morphology (Fig.  2 C). 
West ern blot analysis confirmed that MEVs were enriched in 
Alix, TSG101, and CD9, which are general EV markers (Fig. 
 2 D). These results demonstrated successful isolation of MEVs 
from M0 RAW264.7 cells. We next investigated the cellular 
uptakes of MEVs in M0 RAW264.7 cells using PKH67-labeled 
MEVs (PKH67-MEVs). The results demonstrated that PKH67-
MEVs were efficiently internalized by M0 RAW264.7 cells, with 
green fluorescence predominantly localized in the cytoplasm 
(Fig.  S1 ).        

   Subsequently, we examined whether MEVs inherit the im mu
nomodulatory capabilities of their parent M0 RAW264.7 cells. 
First, M0 RAW264.7 cells were induced into M1 and M2 pheno
types using lipopolysaccharide/interferon γ and interleukin-4 
(IL-4), respectively. M1 RAW264.7 cells (induced by lipopolysac-
charide/interferon γ) exhibited marked morphological changes, 
including alterations in size, lamellipodia, and filopodia, whereas 
M2 RAW264.7 cells (induced by IL-4) remained morphologi-
cally similar to M0 cells. Notably, exposure of M2 RAW264.7 
cells to increasing concentrations of MEVs (Fig.  2 E) induced 
morphological changes reminiscent of M1 cells, particularly at 
higher MEV concentrations, indicating that MEVs may repolar-
ize M2 RAW264.7 cells toward an M1 phenotype (Fig.  2 F and 
Fig.  S2 ). We therefore assessed the expression of M1 and M2 
markers in MEV-treated M2 RAW264.7 cells, using M1 RAW264.7 
cells as a positive control. The quantitative reverse transcription 
polymerase chain reaction results revealed marked down-
regulation of the M2 markers CD206 and IL-10, and significant 
up-regulation of the M1 markers CD86, inducible nitric oxide 
synthase (iNOS), IL-1β, IL-6, CXCL10, and tumor necrosis 
factor-α (TNF-α) (Fig.  2 G). Immunofluorescence and western 
blotting confirmed that iNOS (a classical M1 marker) was absent 
in M0 and M2 RAW264.7 cells but strongly induced in MEV-
treated M2 cells (Fig.  2 H and I). Flow cytometry showed a 
decrease in CD206+ cells and an increase in CD80+, CD86+, or 
MHCII+ populations after MEV treatment of M2 RAW264.7 cells 
(Fig.  2 J). To test the generality of this effect, we used EVs from 

mouse M0 bone marrow-derived macrophages (BMDMs) and 
human M0 THP-1 cells; similar repolarization was ob served 
(Figs.  S3  to  S5 ). These data collectively demonstrate that M0 
macrophage-derived EVs possess robust immunomodulatory 
activity capable of repolarizing M2 macrophages to an M1 
phenotype.   

Mechanism underlying MEV-induced macrophage 
repolarization
   EVs carry diverse bioactive cargoes, including lipids, proteins, 
and nucleic acids, among which miRNAs are the most abun-
dant and can mediate intercellular communication and immune 
modulation [  31 –  35 ]. We hypothesized that specific miRNAs 
in MEVs are critical for M2 macrophage repolarization. Thus, 
we performed deep sequencing of small RNAs derived from 
MEVs, identifying >300 miRNAs. As shown in Fig.  3 A and 
Table  S1 , the 10 most abundant miRNAs present in MEVs were 
selected to identify potential targets involved in macrophage 
repolarization. The results suggested that only let-7f-5p signifi-
cantly up-regulated iNOS expression in M2 RAW264.7 cells 
(Fig.  3 B). To determine whether let-7f-5p was transferred from 
parent M0 cells to MEVs, we transfected M0 RAW264.7 cells 
with a Cy5-labeled let-7f-5p mimic, and the resulting MEVs 
were added to M2 RAW264.7 cells. Fluorescence in recipient 
cells confirmed that MEVs inherit let-7f-5p from their parent 
cells (Fig. S6). To further validate the role of let-7f-5p in repo-
larization, we transfected MEV-treated M2 RAW264.7 cells with 
a let-7f-5p inhibitor, which significantly reduced iNOS expres-
sion (Fig. S7). Conversely, transfection with a let-7f-5p mimic 
recapitulated the repolarization effect, down-regulating CD206 
and IL-10 while up-regulating M1 markers (Fig.  3 C and D). 
Western blotting and immunofluorescence assay confirmed 
these findings (Fig.  3 E, F, and L). These results established let-
7f-5p as a key miRNA driving M2 macrophage repolarization.        

   It is primarily acknowledged that miRNAs exert their bio-
logical functions by targeting the 3′ untranslated region (UTR) 
of mRNA to induce mRNA degradation or transcription 
repression [  36 ,  37 ]. We then used the target gene prediction 
algorithm TargetScan Mouse 8.0 to identify the target genes of 
let-7f-5p [  38 ]. The results indicated that the seed sequence of 
let-7f-5p could interact with the 3’UTR of A20 (Fig. S8), which 
is a negative regulator of NF-κB activity [  39 ,  40 ]. NF-κB activa-
tion drives expression of numerous of proinflammatory cyto-
kines (e.g., IL-6, IL-1β, CXCL10, and TNF-α) that support M1 
polarization [  41 ]. We therefore hypothesized that MEV-derived 
let-7f-5p targets A20, thereby activating NF-κB signaling and 
repolarizing M2 macrophages. Immunofluorescence showed 
nuclear translocation of NF-κB p65 in M2 RAW264.7 cells 
treated with MEVs, indicating NF-κB activation (Fig.  3 G). 
Western blotting showed that NF-κB p65 was phosphorylated 
in Ser536 after treating M2 RAW264.7 cells with MEVs, while 
A20 expression was significantly inhibited, especially as the 
incubation time was extended to 60 min (Fig.  3 H). These results 
suggested that MEVs could inhibit A20 expression and activate 
the NF-κB signaling pathway. Then, a luciferase reporter assay 
was conducted to detect the interaction between let-7f-5p and 
the 3’UTR of A20. The wild-type or mutated let-7f-5p-binding 
site in the 3’UTR of A20 was inserted into a luciferase reporter 
plasmid (Fig.  3 I). The results showed that in the presence of 
the let-7f-5p mimic, when M2 RAW264.7 cells were transfected 
with the wild-type plasmid, the luciferase activity was signifi-
cantly reduced. In contrast, the luciferase activity remained 
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Fig. 1. Schematic of the co-EVs delivery system for enhanced glioblastoma (GBM) immunochemotherapy. The co-EVs delivery system comprises M0 RAW264.7 macrophage-
derived extracellular vesicles (MEVs) (A) and doxorubicin (DOX)-loaded lemon-derived extracellular vesicles (LEVDs) (B). During the delivery process, MEVs exhibit a remarkable 
homing capacity toward tumor-associated macrophages (TAMs) and enables the direct repolarization of protumor M2 macrophages into an antitumor M1 phenotype. This is 
achieved through the let-7f-5p within MEVs, which could target A20 within M2 macrophages, thereby activating the nuclear factor κB (NF-κB) signaling pathway. This process 
significantly reverses the immunosuppression of the GBM microenvironment. Concurrently, LEVDs demonstrate exceptional targeting of GBM cells through receptor–ligand 
interactions and facilitate the delivery of DOX into these cells, thereby enhancing chemotherapy effectiveness (C). As expected, the co-EVs delivery system significantly 
enhances immunochemotherapy for GBM through MEV-mediated M2 TAM repolarization and LEVDs-driven chemotherapy.

https://doi.org/10.34133/research.1219


Niu et al. 2026 | https://doi.org/10.34133/research.1219 4

largely unaffected when these cells were transfected with 
the mutated plasmid (Fig.  3 J). This suggested that let-7f-5p 
could inhibit A20 expression by directly binding its 3’UTR. 

Furthermore, it was also shown that let-7f-5p could inhibit the 
mRNA expression and protein level of A20 in a dose-dependent 
manner (Fig.  3 K and L). Conversely, let-7f-5p inhibitor could 

Fig. 2. MEVs-mediated repolarization of M2 RAW264.7 cells into an M1 phenotype. (A) Schematic illustration of MEVs isolated from M0 RAW264.7 cells. (B) The average size and 
zeta potential of MEVs detected by dynamic light scattering (DLS). (C) Transmission electronic microscopy (TEM) images of MEVs. Scale bar: 500 nm for left panel and 200 nm 
for right panel. (D) The protein expression of MEVs. (E) Schematic illustration of the design of MEV-mediated macrophage repolarization. (F) Phase-contrast microscope images 
of M0, M2, and MEV-treated M2 RAW264.7 cells. Scale bar: 20 μm. (G) The markers of M2 phenotype (CD206 and interleukin-10 [IL-10]) and M1 phenotype (CD86, inducible nitric 
oxide synthase [iNOS], IL-6, IL-1β, tumor necrosis factor-α [TNF-α], and CXCL10) were detected by quantitative reverse transcription polymerase chain reaction (qRT-PCR) after 
treating M2 RAW264.7 cells with MEVs (n = 3). (H and I) The iNOS (a marker of M1 phenotypes) expression in MEV-treated M2 RAW264.7 cells. Scale bar: 300 μm. (J) Quantification 
of M1 and M2 macrophages by flow cytometry when M2 RAW264.7 cells treated with MEVs (n = 3). Data are represented as means ± SD. Statistical significance was determined 
using an unpaired, 2-sided Student t test (G and J), **P < 0.01; ****P < 0.0001. LPS, lipopolysaccharide; INF-γ, interferon-γ; GAPDH, glyceraldehyde phosphate dehydrogenase.
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Fig. 3. The mechanism of MEV-mediated M2 RAW264.7 cells repolarization. (A) Top 10 most abundant microRNAs (miRNAs) in MEVs detected by small RNA sequencing. 
(B) The mRNA expression of inducible nitric oxide synthase (iNOS) after M2 RAW264.7 cells transfected with the top 10 miRNAs, respectively (n = 3). (C and D) The 
marker expression of M2 phenotypes (CD206 and interleukin-10 [IL-10]) and M1 phenotypes (CD86, iNOS, IL-6, IL-1β, tumor necrosis factor-α [TNF-α], and CXCL10) was 
determined by quantitative reverse transcription polymerase chain reaction (qRT-PCR) after M2 RAW264.7 cells transfected with let-7f-5p mimic (n = 3). (E) The expression 
of CD206 and iNOS in M2 RAW264.7 cells transfected with let-7f-5p mimic assayed by western blotting. (F) The iNOS expression in M2 RAW264.7 cells transfected with 
let-7f-5p mimic detected by immunofluorescence. Scale bar: 300 μm. (G) Nuclear factor κB (NF-κB) p65 translocation into the nucleus in MEV-treated M2 RAW264.7 
cells detected by immunofluorescence. Scale bar: 30 μm. (H) The expression of A20, p-NF-κB p65 (S536) and NF-κB p65 in MEV-treated M2 RAW264.7 cells with different 
incubation times determined by western blotting. (I) The wild-type and a mutated type of binding site between let-7f-5p and A20. (J) Relative luciferase activity of wild-type 
or mutated A20 luciferase report plasmid-transfected M2 RAW264.7 cells in the presence of let-7f-5p mimic (n = 3). (K) The mRNA expression of A20 in M2 RAW264.7 
cells transfected with different concentrations of let-7f-5p mimic (n = 3). (L) The protein levels of CD206, iNOS, and A20 in M2 RAW264.7 cells transfected with different 
concentrations of let-7f-5p mimic. Data are represented as means ± SD. Statistical significance was determined using an unpaired, 2-sided Student t test (B, C, D, and J) 
or 1-way analysis of variance (ANOVA) (K), ns, not significant; **P < 0.01; ***P < 0.001; ****P < 0.0001. GAPDH, glyceraldehyde phosphate dehydrogenase.
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restore A20 levels in MEV-treated cells (Fig. S9). Additionally, 
we also found that let-7f-5p mimic could suppress the CD206 
expression while increasing the expression of iNOS in M2 
RAW264.7 cells (Fig.  3 L). These data demonstrated that let-
7f-5p in MEVs targets A20 to activate NF-κB signaling, thereby 
reprogramming M2 macrophages toward an M1 phenotype.   

Biological activities of MEV-mediated macrophage 
repolarization in phagocytosis, proliferation, 
apoptosis, and colony formation
   The biological activities of MEV-treated M2 RAW264.7 cells 
in phagocytosis, proliferation, apoptosis, and colony formation 
were comprehensively investigated. We first investigated the 
cytotoxicity of MEVs on GBM cells and macrophages, and the 
results indicated that MEVs showed no cytotoxicity toward 
GL261 or RAW264.7 cells even at 100 μg·ml−1 (Fig.  S10 ). M1 
macrophages are typically recognized for their robust phago-
cytic capabilities. Thus, we next examined the phagocytosis of 
MEV-treated M2 RAW264.7 cells on GL261 cells. The result 
showed that MEV treatment resulted in an enhanced phago-
cytic activity of M2 RAW264.7 cells against GL261 cells (Fig. 
 S11  and Fig.  4 A). Furthermore, we also explored the antipro-
liferation capacity of the conditional medium (CM) of MEV-
treated M2 RAW264.7 cells on GL261 cells. The results indicated 
that the CM of MEV-treated M2 macrophages could effectively 
inhibit the proliferation of GBM cells (Fig.  4 B). The anti-GBM 
effects of MEV-mediated M2 RAW264.7 cells repolarization 
were further evaluated using transwell noncontact and direct 
contact coculture systems. The results revealed that MEV-treated 
M2 RAW264.7 cells demonstrated a marked antiproliferative 
activity against GL261 cells (Fig.  S12  and Fig.  4 C and D). In 
addition, we also found that the CM of MEV-treated M2 
RAW264.7 cells could also effectively inhibit the colony forma-
tion (Fig.  4 E) and promote apoptosis of GL261 cells (Fig.  4 F). 
These results suggested that MEV-mediated macrophage repo-
larization could effectively inhibit GBM in vitro.           

MEVs penetrate the BBB/BBTB and target TAMs in vivo
   An in vitro BBB model was constructed according to our previ-
ous study [ 29 ]. The bEnd.3 cells were cultured on the upper 
transwell chamber membranes coated with collagen I. When 
transendothelial electric resistance values of bEnd.3 monolay-
ers exceeded 200 Ω·cm2, GL261 cells were seeded and cultured 
onto a slide in the lower chamber (Fig.  S13 A) [ 29 ]. The suc-
cessful construction of the in vitro BBB model was confirmed 
by detecting the ex pression of tight junction proteins, such as 
ZO-1 and Claudin-1 in bEnd.3 cells, as well as the cell–cell 
adhesion protein (PECAM-1) through immunofluorescence 
(Fig.  S13 B). The results demonstrated that PKH67-MEVs read-
ily traversed the endothelial layer and accumulated in GL261 
cells (Fig.  S13 C). We further assessed the transcytosis of MEVs 
using a coculture experiment. The results demonstrated that 
MEVs could also be transported from bEnd.3 to GL261 cells 
via transcytosis (Fig.  S14 ). Next, the capability of MEVs to bypass 
the BBB/BBTB and biodistribution in vivo were examined using 
an orthotopic GBM-bearing C57BL/6 J mouse model. A single 
dose of PKH67-MEVs was intravenously administered into 
orthotopic GL261-mCherry-bearing mice. After being per-
fused with phosphate-buffered saline (PBS), the liver, spleen, 
heart, lung, kidney, and GL261-mCherry-bearing brain, as well 
as the stomach and intestine, were excised and sectioned to 

assess MEV accumulation. It revealed a pronounced distribu-
tion of MEVs within the GBM tissues (Fig.  5 A). Besides, MEVs 
could also be observed in the liver, spleen, lung, stomach, and 
intestine (Fig.  S15 ). To further evaluate the biodistribution of 
MEVs, we administered Cy7-labeled MEVs (Cy7-MEVs) to 
intracranial GL261-Luc-bearing mice. After administration, 
these mice were sacrificed to assess the accumulation of Cy7-
MEVs in key organs using an in vivo imaging system (IVIS) at 
3 and 24 h. It showed that at 3 h postinjection, Cy7-MEVs pre-
dominantly localized in the liver, spleen, lung, kidney, stomach, 
and intestine, aligning with the results from the laser scanning 
confocal microscope. However, by 24 h, there was an marked 
decrease in the fluorescent signal of Cy7-MEVs across these 
organs. Notably, Cy7-MEVs persisted in GBM tissues even after 
24 h postadministration (Fig.  S16 ).        

   To assess MEV targeting to macrophages, we compared 
uptake by GL261 and RAW264.7 cells. PKH67-MEVs were 
taken up significantly more by RAW264.7 cells than by GL261 
cells, as shown by confocal microscopy and flow cytometry 
(Fig.  5 B and C). Furthermore, we validated the in vivo targeting 
capability of MEVs to TAMs in GL261-mCherry-bearing mice. 
Flow cyto metry analyses confirmed that PKH67-MEVs were 
predominantly internalized by macrophages rather than GBM 
cells (Fig.  5 D and Fig.  S17 ). These observations suggest that 
MEVs could effectively traverse the BBB/BBTB, demonstrating 
remarkable targeting affinity for TAMs.   

MEVs suppress GBM growth and reverse the 
immunosuppressive microenvironment
   We next evaluated the anti-GBM effect of M0 macrophage-
derived EVs in vivo. The low yield of EVs derived from M0 
BMDMs poses a considerable challenge for in vivo studies, as 
obtaining sufficient EVs for a single recipient mouse requires 10 
to 15 C57BL/6 J mice. To address this, MEVs were used in sub-
sequent in vivo anti-GBM assays. We first detected whether 
MEVs could induce M2 BMDM repolarization. The quantitative 
reverse transcription polymerase chain reaction results showed 
that M2 markers CD206 and IL-10 were remarkably down-
regulated, while M1 markers CD86, iNOS, IL-1β, IL-6, TNF-α, 
and CXCL10 were clearly up-regulated in MEV-treated M2 
BMDMs (Fig.  S18 A). In subcutaneous GL261 tumors, intra-
tumoral MEV injection increased iNOS+ cells and decreased 
CD163+ or CD206+ cells (Fig.  S18 B). These results indicated that 
MEVs could reprogram M2 TAMs to an M1 phenotype in vivo. 
Thus, we used MEVs for the in vivo anti-GBM experiments. The 
orthotopic GL261-Luc-bearing mice were constructed, and the 
mice were administered either with MEVs or PBS at 5-d inter-
vals, culminating in a total of 6 injections. The results showed 
that compared to the PBS group, GL261-Luc-bearing mice treated 
with MEVs exhibited a slower tumor proliferation rate (Fig.  5 E 
and F) and longer median survival time (34 d for the MEV group 
versus 25.5 d for the PBS) (Fig.  5 G), suggesting that MEVs effi-
ciently inhibited GBM growth. The mice treated with MEVs also 
maintained higher body weight compared with the PBS treat-
ment group (Fig.  S19 ). We also performed immunohistochem-
istry (IHC) on GBM sections after administration to detect the 
expression of cell proliferation marker Ki67 and angiogenesis 
marker CD34. The results revealed that compared with the PBS 
group, a significant expression reduction of the Ki67 and CD34 
was observed in the MEV treatment group, suggesting that MEVs 
could efficiently suppress the proliferation and angiogenesis of 
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Fig. 4. Anti-glioblastoma (GBM) effects of MEV-mediated M2 RAW264.7 cell repolarization in vitro. (A) The phagocytosis of GL261 cells by MEV-treated M2 RAW264.7 cells 
evaluated by flow cytometry (n = 3). (B) The proliferation of GL261 cells cultured with conditional medium (CM) of M2 RAW264.7 cells treated with phosphate-buffered saline 
(PBS) or different concentrations of MEVs (MEV-1: 10 μg·ml−1; MEV-2: 5 μg·ml−1) as indicated for 3 d assayed by Cell Counting Kit-8 (CCK8) assay (n = 3). (C) The antiproliferative 
effects of MEV-mediated M2 RAW264.7 cells reprogramming determined by CCK8 assay using a transwell noncontact coculture system. (D) Inhibition of GBM by MEV-mediated 
M2 RAW264.7 cell repolarization detected by a direct contact coculture system. Green: Carboxyfluorescein succinimidyl ester (CFSE)-labeled M2 RAW264.7 cells; Red: GL261-
mCherry cells. Scale bar: 400 μm. (E) Colony formation of GL261 cells cultured with CM of M2 RAW264.7 cells treated with PBS or different concentrations of MEVs as indicated 
for 10 d (n = 3). (F) Images of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining of GL261 cells cultured with CM of M2 RAW264.7 cells treated 
with PBS or different concentrations of MEVs as indicated for 36 h (n = 3). Scale bar: 100 μm. Data are represented as means ± SD. Statistical significance was determined 
using an unpaired, 2-sided Student t test, **P < 0.01; ****P < 0.0001.
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Fig. 5. The blood–brain barrier/blood–brain tumor barrier (BBB/BBTB) crossing, targeting capacity, and anti-glioblastoma (GBM) efficacy of MEVs. (A) The BBB/BBTB crossing 
of MEVs. MEVs could bypass the BBB/BBTB and distribute in GBM in orthotopic GL261-mCherry-bearing mice. Scale bar: 100 μm for left panel and 40 μm for right panel. (B) 
The cellular uptake of PKH67-MEVs incubated with GL261 or RAW264.7 cells detected by laser scanning confocal microscope (LSCM). Scale bar: 300 μm. (C) The percentage 
of PKH67-positive cells after GL261 and RAW264.7 cells incubated with PKH67-MEVs determined by flow cytometry (n = 3). (D) The cellular uptake of PKH67-MEVs in GBM cells 
and tumor-associated macrophages (TAMs) in vivo (n = 3) detected by flow cytometry. (E) IVIS bioluminescent images of representative GL261-Luc-bearing C57BL/6 J mice 
treated with phosphate-buffered saline (PBS) and MEVs. (F) Relative bioluminescence of GL261-Luc tumor in different treatment groups (n = 6). (G) Kaplan–Meier survival 
curve of GL261-Luc-bearing C57BL/6 J mice in different treatment groups (n = 6). (H and I) Representative immunohistochemistry (IHC) images of Ki67 and CD34 in GL261-
Luc tumors and the corresponding quantitative analysis (n = 5). (J and K) Representative IHC images of M1 markers (inducible nitric oxide synthase[iNOS]) and M2 markers 
(CD163 and CD206) in GL261-Luc tumors and the corresponding quantitative results (n = 5). (L and M) Representative IHC images of CD4+ and CD8+ T cells and regulatory T 
cells (Tregs) (FoxP3+) in GL261-Luc tumors and the corresponding quantitative results (n = 5). Scale bar for (H) to (M): 100 μm. Data are represented as means ± SD. Statistical 
significance was determined using an unpaired, 2-sided Student t test (D, F, and H to M) or 2-sided log-rank Mantel–Cox tests (G), **P < 0.01; ***P < 0.001; ****P < 0.0001.
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tumor cells (Fig.  5 H and I). The markers of immune cells in GBM 
were also assessed by IHC, which showed increased iNOS and 
decreased CD163/CD206 in MEV-treated GBM (Fig.  5 J and K). 
Furthermore, MEVs increased the infiltration of CD4+ and 
CD8+ T cells (Fig.  5 L) and reduced the abundance of Tregs 
(FoxP3+) (Fig.  5 M). All these data demonstrated that MEVs 
repolarize M2 TAMs to an M1 phenotype, counteracting the 
immunosuppressive microenvironment and benefiting GBM 
immunotherapy.   

The co-EVs delivery system (MEVs/LEVDs) enhanced 
immunochemotherapy for GBM
   Although MEV-mediated M2 macrophage repolarization showed 
encouraging results in GBM treatment, therapeutic outcomes 
required further improvement. To simultaneously and inde-
pendently regulate TAMs and tumor cells for improving the 
efficacy of GBM treatment, we developed a co-EVs delivery 
system comprising MEVs and DOX-loaded LEVDs. LEVDs 
were constructed through a 2-step process leveraging the chem-
ical functional groups of both components according to our 
previous protocol. First, DOX-loaded heparin-based nanopar-
ticles (DNs) modified with cRGD peptides were synthesized 
via self-assembly, utilizing carboxylated heparin as the poly-
meric backbone. This design capitalizes on heparin’s natural 
biocompatibility and its abundant carboxyl groups, which serve 
as reactive handles for subsequent conjugation. In parallel, 
lemon-derived EVs (LEVs) were isolated, which inherently 
present active amino groups on their surface, contributed by 
membrane proteins and phosphatidylethanolamine lipids. The 
final LEVD formulation was achieved by patching DNs onto 
the LEV surface. This integration is driven by the formation of 
stable amide bonds between the carboxyl groups (–COOH) of 
DNs and the available amino groups (–NH₂) on the LEV sur-
face [ 29 ]. Transmission electronic microscopy images confirmed 
the vesicle structure of LEVs and LEVDs (Fig.  S20 A). The hydro-
dynamic diameters of LEVs and LEVDs were 211.47 ± 10.38 and 
246.83 ± 17.92 nm (Fig.  S20 B); zeta potentials were − 39.17 ± 1.70 
and − 32.67 ± 2.59 mV, respectively (Fig.  S20 C). The ultraviolet–
vis spectra showed a DOX-characteristic absorbance peak at 
489 nm for LEVDs (Fig.  S20 D), indicating that DOX was suc-
cessfully loaded into LEVs. To rigorously evaluate the drug load-
ing performance, we prepared 3 batches of LEVDs, and the 
drug loading efficiency and loading capacity were calculated. As 
detailed in Table  S2 , LEVDs demonstrated a DOX loading effi-
ciency of 85.3% ± 2.1% and a loading capacity of 12.5% ± 0.8%, 
respectively. To better illustrate the drug loading capacity of the 
LEVs, we also calculated the amounts of DOX and cRGD loaded 
per microgram of LEVs. The results showed that 1 μg (protein 
amount) of LEVs loaded 1.54 ± 0.16 DOX and 0.40 ± 0.04 μg of 
cRGD in LEVDs (Table  S3 ). To evaluate the stability of LEVDs 
in vivo, the PBS solution containing 50% fetal bovine serum was 
used to simulate the blood environment. It showed that the size 
of LEVDs did not significantly change in blood-mimicking con-
ditions for 96 h (Fig.  S20 E). The release curve also displayed that 
the release rate of DOX from LEVDs was approximately 85% 
at pH 5.0, compared to only about 25% at pH 7.4 after 12 h of 
incubation (Fig.  S20 F). These results indicated that LEVDs were 
relatively stable under physiological conditions and exhibited 
pH-responsive release behavior. Furthermore, the DOX could 
be delivered into the nucleus by LEVDs, while LEVs was mainly 
located in the cyto plasm after internalization (Fig.  S20 G). We 

next investigated whether LEVs could also induce macrophage 
repolarization. It showed there was no obvious changes in the 
marker expression of both M1 and M2 phenotypes in LEV-
treated M2 RAW264.7 cells, indicating that LEVs could not trig-
ger repolarization in M2 RAW264.7 cells (Fig.  S21 ). We also 
demonstrated that GBM cells and cerebrovascular endothelial 
cells were characterized by high expression of integrin αV and 
β3 (Fig.  S22 ). Therefore, we next investigated the targeting ability 
of LEVDs for GL261 and RAW264.7 cells. The laser scanning 
confocal microscope images and the results of flow cytometry 
showed that the cellular uptake ability of LEVDs in GL261 cells 
was greater than that in RAW264.7 cells, indicating that LEVDs 
have good targeting capacity for GL261 cells (Fig.  S23 A and B). 
In addition, the uptake capacity of LEVDs in GBM cells was 
better than that of free DOX (Fig.  S24 ), exhibiting good antipro-
liferation capacity (Fig.  S25 ). The BBB/BBTB penetration capac-
ity of LEVDs was also evaluated. In the in vitro BBB model, 
LEVDs could effectively traverse the endothelial layer to deliver 
DOX to GL261 cells (Fig.  S26 A). The results of in vivo experi-
ments demonstrated that no fluorescent signals from DOX, DNs, 
or LEVDs were detectable in the brain tissue of healthy mice, 
confirming the restricted drug entry of the intact BBB. In con-
trast, in GBM-bearing mice, minimal signals of DOX and DNs 
were observed within the tumor tissue, suggesting limited extrav-
asation due to the compromised BBB. Notably, strong LEVD 
fluorescence was detected in the tumor region, indicating that 
the targeting capability of LEVDs confers an excellent ability to 
traverse the BBB/BBTB to deliver DOX to GBM cells (Fig.  S26 B).

   The anti-GBM efficacy of the co-EVs delivery system (MEVs/
LEVDs) in vitro was subsequently explored. The results dem-
onstrated that the combination of CM from MEV-treated M2 
RAW264.7 cells and LEVDs synergistically inhibited GBM cell 
proliferation and induced apoptosis, compared to either treat-
ment alone (Fig.  6 A and B and Figs.  S27  and  S28 ). We also 
demonstrated that the co-EVs delivery system (MEVs/LEVDs) 
could efficiently penetrate the BBB in the in vitro BBB model 
(Fig.  S29 ). We next assessed the targeting efficacy of the com-
ponents within the co-EVs delivery system (MEVs/LEVDs) 
toward macro phages and GBM cells, respectively. An in vitro 
coculture assay revealed that LEVDs were preferentially taken 
up by GL261-mCherry cells, while MEVs were taken up by 
RAW264.7 cells (Fig.  S30  and Fig.  6 C). Similar selective target-
ing was observed in vivo in orthotopic GL261-mCherry-bearing 
mice (Fig.  S31  and Fig.  6 D). In contrast, no accumulation of 
MEVs or LEVDs was observed in the brain tissue of healthy 
mice, indicating that the intact BBB restricted brain penetration 
(Fig.  S32 ). The anti-GBM efficacy of the co-EVs delivery system 
(MEVs/LEVDs) was subsequently evaluated. To optimize the 
MEV/LEVD ratio for in vivo therapy, we tested 3 co-EVs for-
mulations with fixed LEVDs (DOX concentration 2.5 μg·g−1) 
and escalating MEV doses (1, 2.5, or 5 μg·g−1) according to 
the weight of mice. The GL261-Luc-bearing C57BL/6 J mice 
were administered with MEVs, DOX, LEVDs, and co-EVs deliv-
ery system (MEVs/LEVDs) and PBS (control) via intravenous 
injection at a 5-d interval for a total of 6 injections (Fig.  6 E). 
The results showed that MEVs and LEVDs alone moderately 
inhibiting tumor growth. Compared to PBS, MEVs, DOX, and 
LEVDs, the co-EVs delivery systems of MEVs (2.5 μg·g−1)/
LEVDs and MEVs (5 μg·g−1)/LEVDs exhibited significant sup-
pression of tumor growth (Fig.  6 F and G and Figs.  S33 A and B 
and  S34 ). The overall survival results indicated that mice treated 
with MEVs (2.5 μg·g−1)/LEVDs and MEVs (5 μg·g−1)/LEVDs 
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Fig. 6. The anti-glioblastoma (GBM) efficacy of co-EVs delivery system (MEVs/LEVDs ). (A and B) The proliferation of GL261 and LN229 cells treated as indicated (n = 5). (C) 
Cell uptake of MEVs/LEVDs in GL261-mCherry and RAW264.7 cells, respectively, in the coculture system (n = 3). (D) Cellular uptake of MEVs/LEVDs in orthotopic GBM cells 
and tumor-associated macrophages (TAMs) from GL261-mCherry-bearing mice (n = 3). (E) Schematic illustration of experimental design for evaluating anti-GBM efficacy of 
MEVs, doxorubicin (DOX), LEVDs, and MEVs/LEVDs. (F) Bioluminescent IVIS images of representative GL261-Luc-bearing C57BL/6 J mice in different treatment groups. (G) 
Relative bioluminescence of GL261-Luc tumor in different treatment groups (n = 6). (H) Kaplan–Meier survival of C57BL/6 J mice in different treatment groups (n = 6). (I) 
Representative images of Ki67 and CD34 in GBM tissues from different treatment groups (n = 5). Scale bar: 100 μm. Data are represented as means ± SD. Statistical significance 
was determined using 1-way analysis of variance (ANOVA) followed by Bonferroni’s post hoc test (A, B, G, and I), an unpaired, 2-sided Student t test (C and D), or 2-sided 
log-rank Mantel–Cox tests (H), *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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exhibited longer survival time compared with the other groups 
(Fig.  6 H and Fig.  S33 C). The order of median survival time was 
as follows: MEVs (5 μg·g−1)/LEVDs (58 d) > MEVs (2.5 μg·g−1)/
LEVDs (43 d) > LEVDs (39 d) > MEVs (1 μg·g−1)/LEVDs 
(38 d) > MEVs (34 d) > DOX (29 d) > PBS (27 d). Notably, 
33.3% (2/6) of mice in the MEVs (5 μg·g−1)/LEVD treatment 
group achieved complete response, indicating great therapeutic 
advantages over monotherapy. Hence, MEVs (5 μg·g−1)/LEVDs 
(hereafter MEVs/LEVDs) were selected for further study. In 
the late treatment period, mice treated with MEVs/LEVDs 
maintained higher body weight than other treatment groups 
(Fig.  S33 D). The IHC results also indicated that MEVs/LEVDs 
achieved the best inhibition effect on the proliferation (Ki67) 
and angiogenesis (CD34) (Fig.  6 I). Additionally, the biosafety 
was assessed in healthy C57BL/6 J mice. The co-EVs delivery 
system MEVs/LEVDs did not affect the body weight of mice 
(Fig.  S35 A) or serum concentrations of alanine transaminase, 
aspartate aminotransferase, alkaline phosphatase, or urea (mark-
ers of liver or kidney damage) (Fig.  S35 B). Given that the payload 
of co-EVs delivery system is DOX, a chemotherapeutic agent 
known to induce cardiotoxicity, we therefore focused on evaluat-
ing the cardiotoxic profile of this system. Echocardiographic 
analysis revealed that, compared with the control group, MEVs/
LEVDs did not induce cardiac dysfunction, as evidenced by no 
significant difference in the left ventricular ejection fraction and 
left ventricular fractional shortening between the 2 treatment 
groups (Fig.  S35 C). Furthermore, no significant differences were 
ob served between the 2 treatment groups in either the markers 
of myocardial injury (creatine kinase, creatine kinase-myocardial 
band, and cardiac troponin T) or the heart weight/body weight 
ratio, which was usually used as an indicator of cardiac atrophy 
(Fig.  S35 D and E). Hematoxylin and eosin staining results of the 
hearts, livers, spleens, lungs, kidneys, and brains also showed no 
signs of toxicity (Fig.  S35 F). We also detected the serum concen-
tration of IL-6, IL-1β, and TNF-α to evaluate the immune-related 
inflammatory responses. As shown in Fig.  S36 , mild increases 
in serum IL-6 and IL-1β were observed in the MEV/LEVD treat-
ment group. Although there was a trend toward elevation in the 
MEV treatment group, no statistically significant difference in 
TNF-α levels was observed between the 2 groups. The results 
indicated that the immunomodulatory effect of MEVs/LEVDs 
is targeted and controlled, rather than inducing a nonspecific 
cytokine storm. All these results indicated that MEVs/LEVDs 
possess excellent biological safety.           

The co-EVs delivery system (MEVs/LEVDs) reversed 
the GBM immunosuppression microenvironment
   We subsequently examined immune cell infiltration in GBM 
tissues to elucidate the antitumor immune response of the 
co-EVs delivery system MEVs/LEVDs. We collected the GBM 
tissues from GL261-Luc-bearing C57BL/6 J mice following 5 
treatment cycles to examine macrophages and T cell phenotypes. 
The results of flow cytometry revealed that, although there was 
no significant difference in total macrophage (CD11b+F4/80+) 
infiltration (Fig.  S37 A and B and Fig.  7 A), both MEVs/LEVDs 
and MEVs significantly enhanced the proportion of M1 TAMs 
(CD86+ or MHCII+) and reduced the proportion of M2 TAMs 
(CD206+) (Fig.  S37 C to F and Fig.  7 B to D). These results indi-
cated that the MEVs/LEVDs successfully repolarized M2 TAMs 
to an M1 phenotype in GBM tissues. CXCL10, which is usually 
secreted by M1 TAMs, plays a vital role in recruiting activated 

T cells to tumor sites to enhance immunotherapy [  42 –  46 ]. As 
described above, CXCL10 was significantly up-regulated in MEV-
treated M2 RAW264.7 cells (Fig.  2 G). Thus, we investigated 
whether CXCL10 expression could be augmented in the GBM 
tissues after treatment with MEVs/LEVDs. It showed the CXCL10 
was up-regulated at both mRNA and protein levels in MEV/
LEVD- and MEV-treated tumors (Fig.  S38 ). Accordingly, com-
pared to DOX and LEVDs, MEVs/LEVDs significantly enhanced 
the infiltration of total T cells (CD3+) (Fig.  7 E), including the CD4+ 
T helper cells (Fig.  7 F) and CD8+ cytotoxic T cells (Fig.  7 G and 
Fig.  S39 ), which are known to exert a cytotoxic effect in conjunc-
tion with M1 macrophages. In the tumor microenvironment, an 
overabundance of regulatory T cells (Tregs) may inhibit the activity 
of CD8+ T cells [  47 ,  48 ]. We therefore determined the infiltration 
of Tregs (CD45+CD3+CD4+CD25+FoxP3+). The results indi-
cated that MEVs/LEVDs and MEVs, as well as LEVDs, could 
reduce the proportions of Tregs compared to DOX and PBS 
(Fig.  7 H and Fig.  S40 ). Immunological markers in GBM were 
also identified through IHC staining. The results confirmed 
increased iNOS+, CD4+, and CD8+ cells and decreased CD163+, 
CD206+, and FoxP3+ cells in MEV/LEVD- and MEV-treated 
tumors (Fig.  7 I). These results revealed the co-EVs delivery 
system MEVs/LEVDs promoted the infiltration of cytotoxic T 
cells and reduced Tregs by repolarizing M2 TAMs, thereby 
reversing immunosuppression and enhancing immunochemo-
therapy efficacy against GBM.            

Discussion
   EVs have emerged as pivotal mediators of intercellular com-
munication, capable of transferring bioactive cargoes such as 
proteins, lipids, and nucleic acids to alter the phenotype and 
function of recipient cells [  49 ]. Concurrently, their intrinsic abil-
ity to encap sulate and protect therapeutic payloads has posi-
tioned them as promising natural drug delivery vehicles [ 49 ]. In 
this study, we harnessed both innate functions of EVs to develop 
a unique codelivery system for enhanced GBM treatment. By 
employing 2 distinct EV populations—M0 macrophage-derived 
EVs (MEVs) for immunomodulation and DOX-loaded LEVDs 
for chemotherapy—we established a platform that enables simul-
taneous and independent targeting of the 2 major cellular com-
ponents of the GBM microenvironment: TAMs and tumor cells. 
Our results demonstrate that MEVs, rich in let-7f-5p, effectively 
repolarize immunosuppressive M2 TAMs to an antitumor M1 
phenotype by targeting the A20/NF-κB signaling pathway. Inde
pendently, LEVDs, functionalized with cRGD peptides, effi-
ciently delivered DOX to GBM cells after traversing the BBB/
BBTB. The combination of these 2 EV functionalities resulted 
in a significant and synergistic enhancement of anti-GBM effi-
cacy, marked by robust tumor suppression, increased infiltration 
of M1 macrophages and cytotoxic T lymphocytes, and reversal 
of the immunosuppressive tumor microenvironment. Our study 
highlights the potential of leveraging the natural biological func-
tions of diverse EV populations to design sophisticated, multi
pronged therapeutic strategies for complex diseases like GBM.

   Despite the promising results, this study has several limita-
tions. First, GBM is characterized by significant heterogeneity. 
Future studies should validate the robustness of this codelivery 
strategy in additional, more diverse GBM models, including 
patient-derived xenografts or genetically engineered mouse mod-
els that more accurately recapitulate the complexity of human 
GBM. Second, clinical translation of EV-based therapies faces 
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Fig. 7. The co-EVs delivery system MEVs/LEVDs reversed the glioblastoma (GBM) immunosuppression microenvironment. (A to H) Infiltration of macrophages and T cells 
in GBM (n = 3). (I) Immunohistochemistry (IHC) images of M1 (inducible nitric oxide synthase-positive [iNOS+]), M2 (CD163+ or CD206+) macrophages, CD4+, CD8+, and 
regulatory (Tregs) (FoxP3+) T cells in GBM (n = 5). Scale bar: 100 μm. Data are represented as means ± SD. Statistical significance was determined using 1-way analysis of 
variance (ANOVA) followed by Bonferroni’s post hoc test, *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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substantial hurdles. A primary challenge is the scalable produc-
tion and isolation of clinical-grade EVs. In this study, the yield 
of EVs from cell culture, particularly from primary cells like 
BMDMs, was relatively low, necessitating the use of the RAW264.7 
cell line for in vivo studies. For clinical application, development 
of large-scale good manufacturing practice protocols for EV pro-
duction, such as using bioreactors for cell culture and standard-
ized methods for EV isolation and purification, is critical. In 
addition, the heterogeneity of EV populations poses challenges 
for quality control and batch-to-batch consistency. Although we 
demonstrated consistent drug loading across multiple LEVD 
batches, the inherent variability in EV cargo must be rigorously 
characterized and controlled to ensure reproducible therapeutic 
outcomes. Furthermore, another significant consideration is the 
safety profile of the co-EVs system. While our preliminary bio-
safety evaluation in mice showed no acute toxicity, cardiac dys-
function, or major organ damage, long-term toxicity studies are 
essential. Additionally, the long-term fate and potential off-target 
effects of EV components, especially the miRNAs carried by 
MEVs, remain unknown. While our study demonstrates a favor-
able short-term safety profile, chronic toxicity studies in larger 
animal models are necessary prerequisites for advancing this 
delivery system toward clinical trials.

   Notwithstanding these challenges, the modularity of our 
co-EVs platform—where each EV type can be independently 
optimized or replaced—offers a flexible and powerful strategy. 
By addressing the hurdles of scalable production and long-term 
safety, this approach holds significant promise for develop-
ing next-generation combination immunochemotherapies for 
GBM and potentially other malignancies.   

Materials and Methods

Animals and tumor models
   Female C57BL/6 J mice (6 to 8 weeks old) were purchased from 
Guangdong Medical Laboratory Animal Center and kept under 
specific pathogen-free conditions with humidity 40% to 60% and 
20 to 26 °C temperature. All animal experiments were approved 
by the Institutional Animal Care and Use Committee of Southern 
Medical University, Guangzhou, China (approval no. L2022096) 
and conducted in accordance with ARRIVE guidelines (Animal 
Research: Reporting of In Vivo Experiments). Ortho topic GBM-
bearing mice were generated by intracranial injection of GL261-
Luc or GL261-mCherry cells (5 × 103 suspended in 5 μl of PBS) 
into the striatum as previously described [ 29 ]. Tumor growth 
was monitored by bioluminescence using the IVIS (IVIS Lumina 
II, Caliper, USA), after intraperitoneal in jec tion of D-luciferin 
potassium salt (150 mg·kg−1). Blood was collected, and mice were 
euthanized with CO2 and sacrificed by cervical dislocation at 
designated time points.   

Small RNA sequencing of MEVs
   Total RNA was extracted from MEVs using RNAex Pro RNA 
Reagent (AG21101) for small RNA (n = 3). RNA quality and 
concentration were assessed with an Agilent 2100 Analyzer and 
NanoDrop 2000. Small RNA sequencing and analysis were per
formed by Shanghai OE Biotech Co., Ltd. Briefly, miRNA 
sequencing libraries were constructed using the TruSeq Small 
RNA Sample Preparation Kit (Illumina) and sequenced on an 
Illumina HiSeq 2000 platform, generating 150-bp paired-end 
reads. Clean reads that passed the quality filter were processed to 
remove the adapter sequences as trimmed reads. The trimmed 

reads were aligned against miRBase ( http://www.mirbase.org/ ) 
to identify known mature parasite miRNAs. Sequencing data 
has been uploaded to the Sequence Read Archive database 
under accession numbers SRR27230044, SRR27230045, and 
SRR27230046.   

In vivo antitumor experiments
   For evaluation of the repolarization effect of MEVs on TAMs 
in vivo, 5 × 105 GL261 cells were subcutaneously injected into 
the left flanks of C57BL/6 J mice (n = 3). Tumor volume was 
calculated using calipers according to the following formula: 
﻿L × W 2 × π/6, where L is the length and W is the width of the 
tumor. When tumors reached ~50 mm3, mice received intra-
tumoral injections of 50 μg of MEVs or an equal volume of PBS 
every 3 d for a total of 3 injections. Tumors were harvested 2 d 
after the last injection. The IHC assay was carried out to deter-
mine the expression of iNOS, CD163, and CD206.

   For anti-GBM experiments, the orthotopic GL261-Luc-
bearing mice were generated and randomly divided into different 
treatment groups without any bias on body weight and tumor 
size (n = 6). To evaluate the anti-GBM efficacy of MEVs, GL261-
Luc-bearing mice were administered with MEVs (5 μg·g−1) via 
the tail vein every 5 d for a total of 6 injections. After treatment, 
the fluorescence intensity of GBM was detected every 5 d using 
IVIS. To evaluate the anti-GBM efficacy of the co-EVs delivery 
system MEVs/LEVDs, GL261-Luc-bearing mice were given with 
MEVs (5 μg·g−1), DOX, LEVDs (DOX dosage: 2.5 μg·g−1), or 
different dosages of MEVs (1, 2.5, or 5 μg·g−1) plus LEVDs (DOX 
dosage: 2.5 μg·g−1) via tail vein every 5 d for a total of 6 injections. 
The fluorescent intensity of GBM was assessed by IVIS every 7 d. 
Day 0 was defined as the first day of treatment. PBS-treated mice 
served as controls. All animal procedures were approved by 
the Institutional Animal Care and Use Committee of Southern 
Medical University (approval no. L2022096), with specific 
approval for monitoring animals to natural death in the survival 
end point study despite anticipated significant weight loss exceed-
ing standard humane end point thresholds. This approval was 
granted based on the scientific necessity of obtaining unbiased 
survival data for evaluating therapeutic efficacy for the aggressive 
GBM model. The body weight of all mice was detected every day 
until the mice died. In addition, all mice were inspected twice 
daily, and the survival time was recorded.   

Statistical analysis
   Data were presented as means ± SD. Analyses were performed 
using GraphPad Prism software (version 9.1.0) and IBM SPSS 
19.0 software. For comparison between only 2 groups, the 
un paired Student t test (equal variances) or unpaired Welch’s t 
test (unequal variances) was used. For comparison between more 
than 2 groups, 1-way analysis of variance (ANOVA) followed by 
Bonferroni’s post hoc test (with equal variances) or Welch’s 
ANOVA (unequal variances) was employed. For survival analy-
sis, Kaplan–Meier survival curves were plotted, and a log-rank 
test was performed. Differences were considered significance at 
*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.    
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