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A B S T R A C T

Glioblastoma multiforme (GBM) is considered as one of the most lethal malignancies in the central neuron 
system (CNS). Despite significant advances in immunotherapy approaches for multiple tumors, the highly 
immunosuppressive tumor microenvironment (TME) of GBM presents critical challenges. Inspired by tumor- 
derived exosomes, which carry a range of tumor-associated antigens and possess improved blood-brain barrier 
(BBB) transcytosis, we have developed CpG adjuvant-functionalized GBM tumor-derived exosomes (Exo-CpG) to 
inhibit GBM proliferation and elicit long-lasting protective immunity via potent stimulation of the body’s innate 
immunity. Our exosomal nanoplatform efficiently activates the antigen-presenting dendritic cells (DCs) in lymph 
nodes, promoting their maturation, and generating a strong T cell response. In combination with the anti- 
programmed cell death ligand-1 antibody (aPD-L1), these exosomes effectively restrain the growth of GBM in 
orthotopic primary GL261 and phosphatase and tensin homologue (PTEN)-deficient immunosuppressive CT2A 
models in immune-competent mice, significantly prolonging survival by effectively suppressing GBM recurrence. 
This fully natural exosomal nanoplatform offers a promising strategy for targeting the immunosuppressive TME 
of orthotopic primary GBM and its recurrences.

Introduction

Glioblastoma multiforme (GBM) is the most common primary ma
lignant tumor in the central nervous system (CNS) [1,2] and is charac
terized by high infiltration and poor prognosis, resulting in a high 
recurrence rate [3–5]. The standard of care for newly diagnosed GBM 
patients is surgical resection followed by chemotherapy and radio
therapy. However, the median survival has not been markedly improved 
and is still less than 15 months [6,7]. Although recent developments in 
immunotherapy approaches (immune checkpoint inhibitors, chimeric 
antigen receptor T (CAR-T)) have shown positive treatment outcomes 
towards melanoma and breast cancers, these approaches remain disap
pointing for GBM. For example, the Phase III clinical trial CheckMate 
143, which tested anti-PD-1 therapy in GBM patients, yielded compa
rable median overall survival (mOS) and worse median progression-free 
survival (mPFS) compared to placebo [8]. These failures are mainly 

attributed to the heterogeneity of GBM, its immunosuppressive TME 
with low tumor immunogenicity and poor lymphocyte infiltration, 
together with the existence of blood-brain barrier (BBB) [9], all 
contributing to suboptimal immune responses in most patients. There
fore, an effective strategy to improve the immunosuppressive tumor 
microenvironment (TME) is urgently needed.

Exosomes, which are subpopulation extracellular vesicles (EVs) 
ranging from 30 to 200 nm, are secreted by various cells and can be 
absorbed by receptor cells [10,11]. Due to their excellent biocompati
bility and intercellular permeability, exosomes have been developed as 
multifunctional natural carriers for cancer diagnosis and treatment 
[12–14]. Importantly, tumor-derived exosomes inherit the membrane 
protein profile of donor cells [15], enabling them to actively target 
homologous tumor tissues/cells, and carry multiple tumor antigen in
formation [16–18]. For instance, a clinical trial based on tumor-derived 
exosomes (NCT01344109) aims to use these vesicles as diagnostic and 
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prognostic markers in breast cancer patients receiving neoadjuvant 
chemotherapy [19]. Remarkably, tumor exosomes are typically phago
cytosed by dendritic cells (DCs), utilizing these cells as intermediaries to 
activate tumor antigen-specific T cells, thereby generating antitumor 
immune responses and long-lasting memory immune T cells [20,21]. 
Previous work, including our own, has reported that exosomes derived 
from various cells, including mesenchymal stem cells (MSCs) [22], 
macrophages [23,24], dendritic cells [25] and tumor cells [26], exhibit 
high BBB permeability [27]. Specifically, tumor-derived exosomes 
demonstrate superiority in treating GBM, benefiting from their immune 
activation and excellent BBB crossing capability. However, they are 
rarely reported in GBM treatment without carrying extra drugs or 
antigens.

In this work, we propose for the first time a versatile platform based 
on natural GBM-derived exosomes for immunotherapy against primary 
GBM and its recurrences. Consequently, the Exo loaded with CpG can be 

taken up by dendritic cells, where CpG subsequently exerts its effects 
within those cells by specifically stimulating Toll-like receptor 9 (TLR9) 
to enhance the immune response and induce both cellular and humoral 
immunity [28–30]. Additionally, the multiple natural tumor-associated 
antigens on the exosome surface trigger a strong immune response, 
further amplified by the CpG adjuvant stimulation (Fig. 1). Overall, the 
resulting Exo-CpG effectively permeates the BBB, and potentially accu
mulate in the brain tumor niches. When combined with PD-L1 immune 
checkpoint inhibitor antibody, Exo-CpG demonstrate efficient antitumor 
efficacy, and elicite robust immune responses in both GL261 and 
PTEN-deficient immunosuppressive CT2A GBM mouse models. 
Furthermore, these exosomes significantly prevent the risk of post
operative recurrence of GBM and prolong survival. Altogether, this fully 
natural exosomal nanoplatform provides a potent and straightforward 
strategy for treating immunosuppressive GBM and its recurrences.

Fig. 1. Natural GBM-derived exosomes are readily decorated with CpG, effectively activate the anti-tumor immune responses via enhancing antigen presentation, 
promoting the generation of CD4+ and CD8+ T cells, and facilitating the secretion of cytokines. All these lead to tumor suppression and the establishment of long- 
term memory immune surveillance.
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Results and discussion

CpG-loaded tumor cell-derived exosomes (Exo-CpG) leverage efficient 
cellular uptake and in vitro permeability

Exosomes (Exo) were readily extracted from GBM tumor cells via 
centrifugation, as described in previous reports [31–33]. Transmission 
electron microscopy (TEM) images confirmed that the exosomes possess 
a characteristic lipid bilayer structure (Fig. 2A). Dynamic light scat
tering (DLS) measurement indicated that the Exo have an average size of 
approximately 65 nm (Fig. 2B). Western blot results and sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) demonstrated 
that the protein profile of GL261-derived Exo closely resembles the 
parental GL261 whole-cell protein, indicating that the proteins were 
well retained during Exo production (Fig. 2C, Figure S1). These findings 
align with previous reports, suggesting that tumor cell-derived Exo 
successfully retain tumor antigens [34–36]. Subsequently, we employed 
the electroporation method to encapsulate the adjuvant CpG within the 
interior of Exo, effectively preventing the degradation of CpG and ulti
mately synthesizing a stable Exo-CpG complex. The CpG encapsulation 
efficiency was quantified as 60 % via Nanodrop spectrophotometry. The 
hydrodynamic diameter of Exo-CpG reached 70 nm, slightly higher than 
naked exosomes (Fig. 2B). Agarose gel electrophoresis further confirmed 
the successful encapsulation of CpG (Figure S2). The adjuvant CpG 
encapsulated into exosomes enables the augmented stimulation of im
mune responses.

Exo-CpG presented efficient cellular uptake in dendritic cells (DCs) 
through endocytosis (Figure S3), which is crucial for triggering DCs’ 
maturation. Additionally, we successfully constructed a 3D spheroid 
model using DC2.4 cells (Fig. 2D). In this model, Cy5-loaded Exo-CpG 
demonstrated significant penetration and deeply infiltrated the 
spheroid, while free CpG exhibited limited permeability (Fig. 2E). 
Quantitative analysis revealed a statistically significant difference be
tween the fluorescence intensity of delivered Cy5 by Exo-CpG and free 
CpG (Fig. 2F). Importantly, Exo-CpG also showed time-dependent active 
uptake by GL261 GBM tumor cells, with internalization efficiency 
increasing gradually over extended incubation periods (Fig. 2G). Inter
estingly, the Exo-CpG effectively promoted the repolarization of M2- 
type tumor-associated macrophages (TAMs) towards the M1 pheno
type (Figure S4), which is capable of secreting a variety of pro- 
inflammatory cytokines and in turn augmenting the infiltration of T 
cells and dendritic cells [37,38].

Exo-CpG exhibit effective BBB penetration and tumor accumulation

Exosomes have been shown to penetrate the BBB, effectively tar
geting and accumulating at the relevant tumor sites [18,39,40]. To 
further confirm this, we evaluated the BBB permeability of 
Cy5-CpG-encapsulated Exo-CpG using an in vitro transwell model 
(Fig. 3A). The results showed that the Exo-CpG demonstrated a signifi
cantly higher transport ratio versus free CpG at all time intervals, sup
porting its potential to traverse the BBB (Fig. 3B). Furthermore, Exo-CpG 

Fig. 2. Exo-CpG demonstrates effective cellular uptake and in vitro permeability. (A) Morphology of Exo determined by TEM (scale bar: 100 nm). (B) Hydrodynamic 
size distributions of Exo and Exo-CpG. (C) Protein markers in the GBM tumor cells derived Exo detected by western blotting. (D) Schematic illustration showing the 
3D spherical model of DC2.4 cells. (E) Imaging and (F) quantification of Cy5-loaded Exo-CpG penetration in the 3D spheroid model following 6 h incubation (Cy5- 
loaded CpG concentration: 0.025 mg mL− 1, scale bar: 100 μm). The data are presented as mean ± SD (n = 3). (G) CLSM image for the GL261 cells after 2, 4 and 6 h 
incubation with Exo-CpG (Exo concentration: 0.12 mg mL− 1, Cy5-loaded CpG concentration: 0.025 mg mL− 1). Scale bar: 20 μm.
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demonstrated superior cellular uptake compared to free CpG, with a 
2.06-fold increase in bEnd.3 cells (upper chamber) and a 1.43-fold in
crease in GL261 GBM cells (lower chamber), respectively (Fig. 3C, 
Figure S5). Interestingly, the trans-endothelial electrical resistance 
(TEER) value remained relatively stable after treatment with Exo-CpG, 
indicating that the integrity of transwell model was maintained intact 

(Fig. 3D). These results suggest that the exosomes may pass through the 
BBB primarily via transcytosis associated transcellular mechanisms, 
consistent with previous reports [23,41,42]. To further reveal the 
mechanism underlying BBB transcytosis, we evaluated the cellular up
take of exosomes in endothelial cells using different endocytosis in
hibitors. As shown in Fig. 3E, the cellular uptake of exosomes was 

Fig. 3. Exo-CpG show enhanced BBB penetration and brain tumor accumulation. (A) Schematic diagram showing the construction of in vitro BBB transwell model. 
(B) The fluorescence intensity of Cy5-loaded Exo-CpG transferred to the lower chamber at different time intervals (2, 4, 10 and 24 h, n = 3). (C) Cellular uptake of 
Exo-CpG by bEnd.3 endothelial cells in the upper chamber of transwell model. (D) Transepithelial electrical resistance (TEER) values of BBB monolayer monitored 
during the course of experiment. (E) Exo-CpG exosomes pass through the BBB via multiple-pathway transcytosis. (F) Cellular uptake of Cy5-loaded Exo in the bEnd.3 
endothelial cells with or without pretreatment with endocytic inhibitors (Nystatin, Chlorpromazine and Cytochalasin D). (G) In vivo fluorescence imaging of mice 
bearing GL261-luc and CT2A-luc tumors administered with Cy5-loaded Exo-CpG at different time points. (H) Ex vivo fluorescence imaging and (I) the quantification 
of the ex vivo fluorescence in the major organs (heart, lung, spleen, liver, kidney and brain) at 0.5 h post-injection with Cy5-labeled Exo-CpG. (J) Magnified ex vivo 
Cy5-fluorescence imaging and their quantification of dissected brains following treatment with Exo-CpG or naked CpG. (K) Tumor tissue penetration behaviour of 
Cy5-labeled Exo-CpG observed by CLSM (Scale bar: 200 μm).
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remarkably inhibited after pretreated with all these inhibitors, showing 
reductions of 1.63-, 1.68-, and 1.73-fold for caveolin (Nystatin), mac
ropinocytosis (Cytochalasin D), and clathrin (Chlorpromazine), respec
tively (Fig. 3F, Figure S6). Additionally, the cellular uptake of Exo-CpG 
was markedly reduced in DC2.4 cells pretreated with inhibitors, indi
cating these exosomes enter cells via multiple endocytosis pathways 
(Figure S7), including clathrin-mediated endocytosis, 
caveolin-mediated endocytosis as well as macropinocytosis, which are 
also verified by others that the exosomes prefer to be internalized by 
cells rather than membrane fusion [43,44].

To further evaluate the BBB permeability and tumor-targeting ability 

in vivo, Cy5-labeled Exo-CpG was injected into mice bearing orthotopic 
GL261-luc GBM. Notably, Exo-CpG showed a stronger fluorescence 
signal in the brain site that sustained up to 24 h, whereas free CpG was 
hardly detectable at the 12 h time point (Fig. 3G). The ex vivo imaging 
was performed at 30 min as the brain accumulation of exosomes peaked 
at this point among the long-term monitoring intervals (Figure S8). 
Similar results were observed in the CT2A-luc mouse model, in which 
Exo-CpG demonstrated enhanced brain tumor accumulation.

Subsequently, ex vivo imaging of major organs (heart, liver, kidney, 
lung, spleen and brain) revealed obvious Cy5 signals visualized in the 
brains of mice treated with Exo-CpG. In sharp contrast, there was only 

Fig. 4. Therapeutic effects of Exo-CpG in orthotopic GL261-luc tumor-bearing mice. (A) Treatment timeline for orthotopic GL261-luc tumor-bearing mice receiving 
Exo-CpG via the intradermal injection (i.d.) every three days for 5 cycles. The aPD-L1 antibody was administered intraperitoneally (i.p.), following the Exo-CpG (Exo: 
7.5 mg kg− 1, CpG: 0.8 mg kg− 1, aPD-L1: 1.75 mg kg− 1). (B) Bioluminescence images and (C) relative bioluminescence intensity measured using the Lumina IVIS III 
system; the inset images show the H&E-stained brain slices. (D) Body weight and (E) survival curves of the treated mice. (F) TUNEL-staining of GL261-luc tumor 
sections post-treatment (scale bar: 50 μm). (G) Representative flow cytometry dot plots show CD4+ and CD8+ T cells in the blood. (H) IHC assessment of CD4+ and 
CD8+ T cell subsets of GL261-luc tumor sections following treatments (scale bar: 50 μm). (I) Representative flow cytometry dot plots of CD80 and CD86 cells in 
lymph nodes.
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faint fluorescence in the brains of mice treated with free CpG (Figs. 3H, 
3I). Quantitative fluorescence measurements further verified that Exo- 
CpG had a remarkably stronger brain accumulation as compared to 
free CpG (Fig. 3J). Importantly, Exo-CpG displayed deep penetration at 
the tumor site, resulting mainly from the excellent BBB permeability 
(Fig. 3K). Collectively, these results evidenced that the developed Exo 
could efficiently pass through the BBB and target GBM tumor lesions to 
potentially alleviate the immunosuppression.

Immunotherapy effects in orthotopic GL261-luc GBM mouse model

The efficient BBB permeability of Exo-CpG prompted us to investi
gate their antitumor effects in orthotopic GBM mouse models. GL261- 
luc cells, which stably express luciferase, were inoculated into C57BL/ 
6 immune-competent mice (Fig. 4A). To assess treatment outcomes, the 
commercial immune checkpoint inhibitor anti-programmed cell death 
ligand-1 antibody (aPD-L1) was administrated to combine with Exo- 
CpG. The aPD-L1 was administered one day after exosomes as the im
mune responses could be quickly activated, which was similar to other 
report [45]. Bioluminescence imaging and quantification of relative 
bioluminescence intensity showed that the Exo alone or PBS exhibited 
negligible tumor inhibition. In contrast, Exo-CpG partially inhibited the 
tumor growth, resulting in a slower progression during the treatment 
period. However, when combined with aPD-L1, Exo-CpG completely 
suppressed the tumor growth, as indicated by reduced bioluminescence 
intensity within a week (Fig. 4B). Importantly, three of the five treated 
mice lost the tumor signal after receiving Exo-CpG plus aPD-L1, exhib
iting limited tumor growth (Figs. 4B, 4C). The combinatorial treatment 
of Exo-CpG+aPD-L1 resulted in a significant tumor shrinkage as detec
ted by H&E staining of whole brain slices collected on day 22 (Fig. 4C). 
Additionally, the body weight of mice treated with Exo alone or PBS 
reduced rapidly due to the fast tumor propagation that induced 
dysfunction in normal brain tissues (Fig. 4D). In contrast, negligible 
weight changes were observed in mice treated with Exo-CpG with or 
without aPD-L1, highlighting their effective tumor suppression. More 
importantly, Exo-CpG+aPD-L1 markedly extended the mice’s survival 
with a prolonged median survival time (MST) of 38 days, which was 
significantly longer than that of Exo-CpG (30 days), Exo alone (21 days), 
or PBS (17 days) (Fig. 4E). TUNEL staining further corroborated the 
presence of abundant apoptotic tumor cells in the Exo-CpG+aPD-L1 
group (Fig. 4F). In parallel, H&E staining of major organs, including the 
heart, liver, spleen, lung and kidney revealed no significant side effects 
(Figure S9), supporting the excellent biocompatibility of the developed 
exosomes.

To further study the immune responses, we assessed T cell levels in 
the blood as well as the activation capacity of DCs in the mesenteric 
lymph nodes. As expected, mice treated with Exo-CpG+aPD-L1 had the 
higher ratios of cytotoxic T cells (CD8+) and helper T cells (CD4+) in the 
blood (88.6 % of total T cells) than that of PBS (49.2 %) (Fig. 4G, 
Figure S10). Immunohistochemistry (IHC) analysis further validated the 
increased number of CD4+ and CD8+ T lymphocytes in brain tumor 
tissues, following treatment with Exo-CpG+aPD-L1 (Fig. 4H, 
Figure S11). Interestingly, both Exo alone and Exo-CpG in the presence 
of aPD-L1 induced similar levels of cytotoxic T cells, primarily due to the 
immune activation triggered by the exosomes.

It is well-known that DCs play an important role in enhancing the 
immune response in tumor-draining lymph nodes (TDLN) and facili
tating tumor infiltration [46–48]. We therefore tested the expression of 
CD86 and CD80, markers of mature DCs in mesenteric lymph nodes. 
Exo-CpG+aPD-L1 resulted in significantly higher CD86 and CD80 levels 
versus PBS or Exo and comparable to Exo-CpG alone, indicating that 
tumor antigens and CpG delivery promoted the DCs’ maturation in vivo 
(Fig. 4I, Figure S12), which is consistent with other reports [49,50]. 
Taken together, CpG functionalized tumor exosomes plus aPD-L1 effi
ciently stimulate strong DCs maturation, induce antigen 
cross-presentation, and achieve potent GBM immunotherapy, resulting 

in improved mice’s survivability with negligible side effects.

Immunotherapy effects in immunosuppressive orthotopic CT2A-luc GBM 
mouse model

CT2A-luc GBM cells, characterized by phosphatase and tensin ho
molog (PTEN) deficiency, exhibit an immunosuppressive tumor micro
environment that is resistant to immunotherapy [51,52]. Thus, a 
CT2A-luc GBM animal model was constructed to assess whether 
CpG-modified exosomes could activate the immune system in immu
nosuppressive mice.

The administration of Exo-CpG in the CT2A-luc GBM model was 
analogous to that of the GL261-luc model (Fig. 5A). As illustrated in 
Figs. 5B, 5C, mice treated with Exo-CpG plus aPD-L1 had the slowest 
tumor growth among all groups. While Exo-CpG could partially restrain 
tumor growth, its efficacy was less potent than the combination with 
aPD-L1. Robust tumor suppression was evidenced by H&E staining of 
brain slices, revealing the smallest tumor volume in the Exo-CpG+aPD- 
L1 treatment group. Furthermore, none of the exosomes altered the body 
weight of the mice during the treatment period (Fig. 5D). Intriguingly, 
the mice’s survival was significantly extended after the injection of Exo- 
CpG combined with aPD-L1, resulting in improved median survival time 
of 49 days, surpassing that of Exo-CpG (41 d), Exo alone (30 d) and PBS 
(30 d) (Fig. 5E). Analogous to the GL261-luc mouse model, Exo-CpG plus 
aPD-L1 induced multiple apoptotic signals in tumor cells by day 22 
(Figure S13). No significant organ damage or inflammatory injury was 
observed in the major organs (Figure S14), suggesting that Exo- 
CpG+aPD-L1 could safely achieve robust antitumor effects in the 
immunosuppressive CT2A-luc tumor.

Next, the immunological stimulation of the Exo-CpG in CT2A-luc 
mouse models was assessed by analyzing immune cells from blood, 
spleen, and lymph nodes on day 22, via flow cytometry. Mice treated 
with Exo-CpG+aPD-L1 displayed a 1.96-fold increase in CD4+ and CD8+

T cells in the blood of mice compared to the PBS group (Fig. 5F, 
Figure S15A). Additionally, Exo-CpG+aPD-L1 induced a 1.70-fold in
crease in CD44Hi and CD62Low populations (Fig. 5G, Figure S15B) and a 
1.93-fold upsurge in CD80 and CD86 cells, further indicating that the 
exosomes triggered strong immune memory and effective DC matura
tion effects (Fig. 5H, Figure S15C). The enhancement in cytotoxic T cells 
was further confirmed by the IHC staining of the tumor, highlighting 
that Exo-CpG+aPD-L1 had a higher percentage of T cells at the tumor 
site (Fig. 5I, Figure S16). Intriguingly, this treatment combination also 
caused abundant cytotoxic T cells in the spleen (Figure S17). Expectedly, 
the spleens of mice treated with Exo-CpG+aPD-L1 were larger and 
heavier versus controls, while overall body weight remained stable 
(Fig. 5J-L). This enlargement of the spleen, the body’s largest immune 
organ, reflects its crucial role in generating systemic immunity. Collec
tively, the excellent anti-GBM effects in the immunosuppressive CT2A- 
luc mouse model could be attributed to the strong DCs maturation and 
enhanced antigen cross-presentation, effectively transforming the "cold" 
into "hot" GBM immune microenvironment, making it favorable to im
mune attack.

Immunotherapy effects in immunosuppressive orthotopic CT2A-luc GBM 
tumor resection model

GBM almost inevitably recurs after surgery, and becomes more 
aggressive upon recurrence [53]. A clinically relevant recurring model 
was successfully constructed, and the tumor in the model was subse
quently surgically removed, as confirmed by IVIS imaging (Figure S18). 
Following surgery, the Exo-CpG was administered intradermally (i.d.) 
into the mice bearing recurrent GBM for a total of five doses, together 
with aPD-L1 via intraperitoneal (i.p.) injection (Fig. 6A). Notably, tumor 
growth was significantly delayed in mice treated with Exo-CpG 
compared to those receiving PBS or Exo alone. Most importantly, the 
combination of Exo-CpG with aPD-L1, potentially retarded tumor 
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recurrence by promoting immunotherapy responses (Figs. 6B, 6C). The 
strong recurrences of GBM in mice treated with Exo alone or PBS 
resulted in significant weight loss due to the rapid proliferation of highly 
aggressive postoperative tumors. In contrast, mice treated with Exo-CpG 
plus aPD-L1 exhibited an increase in body weight (Figure S19), 

supporting its good immunosuppressive therapeutic effects without 
inducing recurrence. In parallel, Exo-CpG combined with aPD-L1 
significantly prolonged the survival time of mice, surpassing that of 
Exo-CpG (39 days), Exo alone (24 days) and PBS (23 days), respectively. 
Interestingly, Exo-CpG+aPD-L1 treatment resulted in a complete 

Fig. 5. Therapeutic effects of Exo-CpG in immunosuppressive orthotopic CT2A-luc tumor-bearing mice. (A) Treatment scheme for orthotopic CT2A-luc tumor- 
bearing mice treated with Exo-CpG, Exo-CpG plus aPD-L1, Exo alone and PBS via the intradermal injection (i.d.) every three days for five doses. Exo-CpG (Exo: 
7.5 mg kg− 1, CpG: 0.8 mg kg− 1, aPD-L1: 1.75 mg kg− 1) was administered prior to the aPD-L1 antibody via intraperitoneal (i.p.) injection. (B) Bioluminescence images 
and (C) quantification of relative bioluminescence intensity obtained via Lumina IVIS III system; the inset images show tumor burden stained with H&E. (D) Body 
weight and (E) survival curves of treated mice. (F) Representative flow dot plots of CD4+ and CD8+ T cells in the blood. (G) Flow dot plots of CD62Low and CD44Hi 

effector memory T cells in the spleen and (H) flow dot plots of CD80 and CD86 cells in lymph nodes (on day 22). (I) IHC staining of CD4+ and CD8+ to identify T cell 
subsets in CT2A-luc tumor sections post-treatment (Scale bar: 50 μm). (J) Photographs and (K) weight of the spleens along with (L) body weight of mice from 
orthotopic CT2A-luc model following various treatments. The data are presented as mean ± SD (n = 3).
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Fig. 6. Therapeutic effect of Exo-CpG in orthotopic CT2A-luc recurrent mouse model. (A) The recurrent tumor model is established by intracranially inoculating 
CT2A-luc cells, and the tumor is surgically excision on day 11. The treatment groups and dosing regimens were consistent with those outlined for the tumor models 
described above. (B) Bioluminescence images and (C) relative bioluminescence intensity of the treated mice. (D) Survival curves of the treated mice. (E) Repre
sentative flow cytometry dot plots showing CD4+ and CD8+ T cells in the blood (upper left), CD8+ T cells in the tumor (bottom left), CD86 and CD80 in mature DCs 
(upper right), CD62Low and CD44Hi effector memory T cells in the spleen (bottom right) on day 27. Quantitation of IHC analysis of (F) CD8+ and (G) CD4+ T cells in 
the spleen tissues. IHC quantitation analysis of (H) CD8+ and (I) CD4+ T cells in the tumor sections on day 27.
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recovery of 1 out of 7 mice during the treatment, with survival extending 
beyond 80 days (Fig. 6D). Similar to the GL261-luc and CT2A-luc 
models, the combination of Exo-CpG and aPD-L1 induced substantial 
tumor apoptosis, as evidenced by TUNEL staining (Figure S20). This 
effectively inhibited tumor recurrence while showing no significant 
damage to major organs or signs of inflammatory injury (Figure S21). 
Collectively, Exo-CpG together with aPD-L1 produce potent antitumor 
effects in the immunosuppressive orthotopic GBM tumor resection 
model.

Next, we studied the immunostimulatory effect of Exo-CpG in the 
CT2A-luc-based recurrence model. Flow cytometry results showed that 
Exo-CpG+aPD-L1 increased the levels of CD4+ and CD8+ T cells in the 
blood by 2.02-fold and 4.90-fold in the tumor compared with PBS 
control, respectively (Fig. 6E). We further observed an approximately 
4.17-fold increase in mature DCs and a 1.46-fold upsurge in memory T 
cells following treatment with Exo-CpG+aPD-L1 (Fig. 6E). These results 
were further corroborated by IHC images of tumor slices and spleen 
sections (Fig. 6F-6I and Figure S22). Finally, the efficient tumor inhi
bition induced by Exo-CpG plus aPD-L1 was attributed to the intra- 
tumoral activation and alleviation of immunosuppression.

Next, the routine blood and biochemical tests were conducted to 
assess the long-term biosafety of exosomes. The results showed that the 
Exo-CpG did not change blood parameters (Figure S23), evidencing the 
excellent biocompatibility of Exo-CpG.

Conclusion

To sum up, we have successfully developed a versatile and resilient 
exosomal platform derived from natural GBM tumor cells for the 
immunotherapy of homologous GBM. These exosomes effectively tra
verse the BBB via multiple pathways (caveolin-, clathrin-, and 
micropinocytosis-mediated transcytosis), specifically targeting GBM le
sions and infiltrating tumor tissues deeply. With adjuvant CpG modifi
cation, Exo-CpG effectively induces cytotoxic T cells (CD4+ and CD8+), 
and mature dendritic cells (CD62Low and CD44Hi) in vivo, following i.d. 
injection. Additionally, Exo-CpG elicits strong and long-lasting immune 
responses due to the presence of various natural homotypic tumor- 
associated antigens on its surface, promoting the maturation of DCs 
and facilitating antigen presentation. Notably, Exo-CpG in combination 
with aPD-L1 yield significant tumor suppression in both orthotopic 
GL261-luc and immunosuppressive CT2A-luc GBM murine models. 
More importantly, in the aggressive recurrent GBM model, our exosomal 
nanoplatform sustains robust immunity, effectively inhibiting GBM 
tumor cell proliferation, which leads to extending mouse survival up to 
day 80. Overall, our engineered exosomes offer a simple and powerful 
strategy for the immunotherapy of GBM.
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