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STING agonists showed increased expression of PD-1 in 
tumor-infiltrating lymphocytes (TILs) and PD-L1 in TME 
cells (Meric-Bernstam et al., 2022, 2023). Therefore, we 
further investigated whether cGAS delivered by IDEA 
could induce susceptibility to anti-PD-1 therapy in syn-
geneic mouse tumor models. Accordingly, we hypoth-
esized that EVs loaded with cGAS, by activating both 
innate and adaptive immune cells, have the potential to 
induce the desired antitumor response. Subsequently, 
the “EV-primed” tumor would be more sensitized to 
anti-PD-1 treatment, resulting in an effective efficacy. 
In the MC38 model, the combination of anti-PD-1 with 
cGAS EVs showed a strong synergistic antitumor effect 
compared with either treatment alone (Fig. 4H), leading 
to complete tumor rejection in all mice; 100% of mice 
remained tumor-free after 80 days (Fig. 4I–K). More excit-
ingly, mice cured by cGAS and ICB exhibited resistance 
to tumor rechallenge, indicating that this combination 
therapy could elicit effective and long-lasting immune 
memory that protected the mice from tumor relapse 
(Fig. 4L). Collectively, these results confirm the synergis-
tic effect of cGAS EVs and ICB, offering an opportunity 
to utilize cGAS EVs delivered by IDEA in patients with 
cancers that only partially respond to ICB.

Single-cell analyses delineate TME remodeling 
following cGAS therapy
To elucidate the complexity of cellular compositions 
in tumors and determine whether cGAS EV ther-
apy constrained tumor progression by promoting a 
cGAS-mediated antitumor immune response, we iso-
lated CD45+ tumor-infiltrating immune cells on day 10 
post-implantation of MC38 colon cancer cells and per-
formed single-cell RNA sequencing (scRNA-seq) (Fig. 5A). 
After quality control and filtering of potential doublets 
(Fig. S8A), we obtained 49,741 high-quality single cells in 
total (26,880 from cGAS therapy and 22,861 from con-
trol) and cataloged them into eight major cell lineages, 
including T cells, B cells, natural killer (NK) cells, and 
diverse myeloid-lineage cells in both groups, annotated 

by canonical marker genes (Fig. S8B–G). Further analy-
sis of scRNA-seq data showed that IFN response-specific 
populations (Fig. 5B) expressed high levels of canon-
ical STING targets, IFNα response genes and NF-κB 
target genes (Fig. 5C). Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment 
analysis showed that these IFN response populations 
were enriched in myeloid chemotaxis and cytokine/
chemokine-mediated signaling pathways (Fig. S8H).

Given that antibody-mediated depletion of CD4 and 
CD8 T cells abolished the antitumor efficacy of cGAS 
EVs, whereas blockade of NK cells exhibited minimal 
effects, we first focused on the intrinsic properties and 
potential functions of T-cell populations in tumors. By 
unsupervised clustering, we identified six CD4+ clusters 
(Fig. S9A–D). GO/KEGG enrichment analysis revealed 
that immune-associated pathways (such as regulation 
of interferon production and adaptive immune response 
and pattern recognition receptor signaling pathway) 
were enriched in IFN response CD4 subpopulations (Fig. 
S9E). For CD8+ T cells, we noticed that all CD8+ T cells 
expressed increased levels of genes encoding activation 
and effector molecules (such as Ifng, Gzma, Gzmb, and 
Nkg7) (Fig. S9F) in the cGAS group compared with the 
control, indicating the intrinsic antitumor potential of 
T-effector cells inside tumors. We then categorized CD8+ 
T cells into four clusters and found that the proportions 
of the CD8 T-cell IFN response increased, whereas the 
number of exhausted CD8 T-cell subsets decreased (Fig. 
S9G–I). GO/KEGG enrichment analysis revealed that CD8 
T IFN response subpopulations displayed upregulation 
in pathways associated with the regulation of leukocyte- 
mediated cytotoxicity and NF-κB/TNF signaling (Fig. S9J). 
Relative to the control group, cGAS therapy induced sig-
nificant upregulation of genes involved in the defense 
response to virus, cell killing, and T-cell-mediated 
immunity in the CD8 T IFN response subset (Fig. S9K). 
Consistent with these results, cGAS therapy led to a sig-
nificant upregulation of cytotoxic genes in both CD4+ and 
CD8+ subtypes (Fig. 5D and 5E). These findings indicate 

Figure 4.  IDEA activates STING signaling and the immune cell response in colon cancer in vivo. (A) MC38 tumor tissues were 
collected 4 h after the second dosage of treatment. Western blot analysis of the cGAS-STING signaling pathway showed that mice 
treated with cGAS EVs display an abundant expression of phosphorylated TBK-1/IRF-3. (B) Representative fluorescence images of 
infiltrated immune cells in tumor after different treatments accompanied by statistical analysis of the number of infiltrated immune 
cells. (C) Schematic of tumor inoculation, treatment schedule, and time points for analysis of tumor growth. (D–G) Tumor growth of 
MC38 tumor-bearing C57BL/6 mice treated with cGAS EVs only (n = 5) or along with depletion of NK cells (n = 5), CD4+ T cells (n = 5), 
CD8+ T cells (n = 5) and macrophages (n = 6) at the indicated time points. (H–K) C57BL/6 mice were s.c. inoculated with 1 × 106 MC38 
tumor cells in the right flank and then intratumorally administrated with PBS vehicle (n = 5), cGAS EVs (5 × 109 particles, n = 5), 
intraperitoneal injection of anti-PD-1 antibody (200 µg, n = 5) or combined treatment (cGAS EVs + αPD-1, n = 5) at the indicated time 
points. Mean tumor volume (D, F, and I), Kaplan-Meier survival curves (E, G, and K) and spider plots of individual tumor growth curves 
(J) are shown. (L) Mice showing complete responses (CR) to cGAS EVs, anti-PD-1 antibody or combined treatment (cGAS EVs + αPD-
1) were rechallenged with tumor cells on the contralateral flank 50 days after CR without any further treatment. All images in (B) 
are representative of at least three biologically independent experiments. Statistical analyses in (B) were performed using ordinary 
one way ANOVA. Statistical analyses in tumor volume in (D, F, and I) were performed using ordinary one way ANOVA with Tukey’s 
multiple comparisons, respectively. Statistical analyses among survival curves in E, G, and K were performed using a two-sided log-
rank (Mantel-Cox) test, respectively. Data are presented as the mean ± SEM.
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Figure 5.  Single-cell analyses delineate myeloid and lymphoid compartment remodeling following cGAS delivery by IDEA. (A) 
Schematic diagram of the scRNA-seq experimental design. (B) Uniform manifold approximation and projection (UMAP) projection 
of all cells after QC and filtering (as in Fig. S8A), with each cell type represented in a different color. (C) Violin plots showing the 
gene signature scores of canonical STING targets, IFNα response genes and NF-κB target genes in CD4+ T cells, CD8+ T cells and 
macrophages. (D and E) Cytotoxic score for each cell subtype of CD4+ T (D) and CD8+ T (E), respectively. (F) Violin plots comparing the 
expression levels of selected antitumoral genes in macrophages between the two groups. (G) UMAP illustration of scRNA-seq data of 
neutrophils from PBS- and cGAS EV- treated mice, colored by cell subpopulations. The pie chart depicts the number and ratio of 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
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that cGAS EVs change the intratumoral T-cell population 
from one showing characteristics of exhaustion/dys-
function to one showing signs of reactivation.

The most abundant population in the TME of these 
tumors was monocytes/macrophages, which represented 
more than 70% of CD45+ cells. Therefore, we looked more 
closely at the subpopulation composition defined by  
scRNA-seq. Six major monocyte/macrophage subpop-
ulations were identified by unbiased clustering (Fig. 
S10A–D). Monocytes/macrophages from progressively 
growing tumors in control mice expressed high levels of 
Tgfb1, Ctsa, and Cxcr4, markers frequently associated with 
anti-inflammatory and immunosuppressive microen-
vironments (Fig. S10E). On the contrary, cGAS induced 
higher expression levels of Tnf, Il1b, and Cxcl10, etc., which 
are markers associated with a classical IFN-activated, 
proinflammatory state that represents increased antitu-
mor ability (Fig. 5F). Consistent with this hypothesis, GO/
KEGG enrichment analysis also suggested that cGAS EV 
treatment increased antitumor macrophage function, 
with pathway enrichment in the regulation of the innate 
immune response, neutrophil migration, NF-κB/TNF sig-
naling, and chemokine-mediated signaling (Fig. S10F), 
implying that cGAS EVs shift protumoral macrophages 
into an antitumoral state. Moreover, immunostaining 
of iNOS and CD206 on tumor sections showed the per-
centage of iNOS+ M1 macrophages increased and CD206+ 
M2 macrophages significantly decreased (Fig. S10G and 
S10H). Based on these data, we conclude that cGAS deliv-
ery converts macrophages from an immunosuppressive 
state to an immunogenic, tumoricidal state, emphasiz-
ing the immunoregulatory role of cGAS in the antitumor 
immune milieu.

To our surprise, the most noticeable difference in 
the TME in mice receiving cGAS EVs was a tremendous 
increase in neutrophils compared to control animals 
(Fig. 5B and 5G). These observations were further sup-
ported independently by immunofluorescence staining: 
administration of cGAS EVs led to a dramatic increase 
in tumor-infiltrating Ly6G+ neutrophils (Fig. 5H). A grow-
ing number of studies support the potential for neutro-
phils to perform antitumor functions (Cui et al., 2021; 
Gungabeesoon et al., 2023; Ponzetta et al., 2019), although 
neutrophils are often initially co-opted by cancers to 

promote immunosuppression, tumor growth, and metas-
tasis (Wang et al., 2023a, 2023b). The apparently contra-
dictory roles of neutrophils in cancer are likely the result 
of differences in the tumor microenvironment affect-
ing neutrophil maturation, activation, and functional 
states (Hedrick and Malanchi, 2022; Quail et al., 2022). 
Nonetheless, increasing evidence demonstrates that 
manipulation of the tumor milieu can result in the infil-
tration and activation of tumor-killing neutrophils that 
drive T-cell-independent tumor clearance (Hirschhorn 
et al., 2023; Linde et al., 2023). Hence, we sought to gain 
deeper insight into the infiltrating neutrophil subpopu-
lations and decipher how such changes might correlate 
with or affect successful antitumor responses.

Do neutrophil subsets differ in the expression of genes 
associated with pro- and antitumoral activity, or does EV 
therapy modulate such genes within the cell subsets? 
By unsupervised clustering, neutrophils infiltrating the 
TME exhibited three different phenotypes (Figs. 5G and 
S11A). Notably, cGAS therapy dramatically augmented 
the number of antitumoral neutrophils. By pseudotime 
analysis, the protumoral subset was mainly distributed 
along fate 2, while the antitumoral subset aggregated 
in fate 1 (Fig. S11B). Pseudotime ordering showed that 
cGAS therapy enhanced the differentiation of neutro-
phils into fate 1 cells with the potential for antitumor 
immunity (Fig. 5I). Furthermore, genes upregulated in 
fate 1 and downregulated in fate 2 were involved in path-
ways including antigen processing and presentation, 
leukocyte-mediated cytotoxicity and chemotaxis, neu-
trophil degranulation, phagocytosis, and cell killing (Fig. 
S11C and S11D). Neutrophil-associated signature scores 
(Figs. 5J and S11E) in three neutrophil subpopulations 
between the two groups also indicated enhanced anti-
tumor functionality of infiltrating neutrophils following 
cGAS EV administration. We further characterized the 
gene expression profiles in neutrophils and found that 
cGAS EVs triggered significant upregulation of IFN reg-
ulatory factors, ISGs, proinflammatory cytokines, and 
leukocyte-recruiting chemokines, consistent with the 
specific enrichment of pathways involved in cytokine- 
mediated signaling, the interferon response and activa-
tion of the immune response (Fig. 5K and 5L). When we 
studied the interaction between neutrophils and other 

neutrophil subpopulations in each group. (H) Representative immunofluorescence images of Ly6G+ neutrophils counterstained with 
DAPI in the PBS and cGAS EV groups. Quantification of Ly6G+ cells per microscopic field by manual counting. (I) Pseudotime ordering 
of neutrophils into a major trajectory with two bifurcations which are indicated with arrows (upper panel), and distribution of the 
pseudotime trajectory of the PBS and cGAS EV groups (lower panel), colored by inferred pseudotime ordering. (J) Boxplots comparing 
the neutrophil-associated signature scores in each subpopulation of the two groups. (K) Scatter plot representing the terms enriched 
by GO and KEGG enrichment analysis based on the up-regulated differentially expressed genes in the cGAS EV group (versus the PBS 
group) with dot color and size representing the cell type and number of genes in the corresponding terms respectively. The dashed 
line indicates −log10(P.adj) equal to 0.05. (L) Summary of selected differentially expressed genes in the PBS and cGAS EV groups. 
(M) Bubble heatmap showing predicted ligand–receptor interactions between neutrophils and other immune cell types with dot 
color and size representing the P value and probability of communication, respectively. Statistical analyses in (D, E, H, and L) were 
performed using a two-sided unpaired t-test. Statistical analyses in (F and J) were performed using two-sided unpaired Wilcoxon test.

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
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https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
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immune cells, the data revealed an increasing number 
of communications after cGAS administration, espe-
cially between neutrophils and macrophages (Figs. 5M, 
S11F and S11G). There was a much stronger chemotaxis- 
related interaction among antitumoral/intermediate 
neutrophils, whereas the communication in the protu-
moral subset decreased (Fig. S11G), which suggests that 
cGAS EVs triggered a multifaceted shift to an inflamed 
and tumoricidal microenvironment. To confirm the bio-
logical functions of neutrophils in the cGAS EV-mediated 
antitumor effects, we depleted the neutrophils through 
anti-Ly6G treatments post-tumor initiation. We observed 
that neutrophil depletion led to a failure of therapy, 
implying the essential role of neutrophils in the antitu-
mor effects of cGAS EVs (Fig. S12A–E). Collectively, our 
data suggest the function of neutrophils in enhancing 
antitumor immunity and reshaping the immunosup-
pressive tumor environment.

In summary, we delineated a comprehensive land-
scape of the TME via scRNA-seq by comparing the 
unique cellular compositions after cGAS EV adminis-
tration. Unbiased assessment of the gene expression of 
tumor-infiltrating cells revealed significant remodeling of 
both the intratumoral lymphoid and myeloid compart-
ments. Our findings highlight the role of cGAS delivered 
by IDEA, which leads to suppression of tumor progres-
sion, accompanied by enhanced antitumor immune 
responses and amelioration of the immunosuppressive 
tumor microenvironment through the enforced activa-
tion of immune cells in tumor-bearing mice.

Discussion
The development and clinical use of protein drugs such 
as immunoglobulins and cytokines, both of which target 
extracellular or cell surface molecules, have resulted in a 
powerful new class of therapeutics (Muttenthaler et al., 
2021). On the basis of intracellular targets, the rational 
design of efficient cytosolic or nuclear delivery carriers 
holds enormous promise for biotherapeutic develop-
ment (Goswami et al., 2020; Tian et al., 2022). EVs, as nat-
ural nanoparticles, benefit from favorable safety profiles 
and unique biodistribution capabilities, rendering them 
attractive drug delivery modalities over synthetic ana-
logs (Kalluri and LeBleu, 2020; Wiklander et al., 2019) 
(Wang et al., 2022). Generally, the previous widely used 
approaches require co-expression of the desired protein 
with viral capsid proteins such as Gag (Votteler et al., 
2016) or direct fusion of target proteins to EV biogenesis- 
related scaffold proteins, such as ARRDC1, PTGFRN, and 
LAMP2A/B, etc. (Dooley et al., 2021; Ferreira et al., 2022; 
Silva et al., 2021; Wang et al., 2018; Zheng et al., 2023), 
which may interfere with the function of the protein of 
interest. In this study, we developed an engineered EV 
platform, “IDEA,” which is highly modulatory, versa-
tile, and robustly delivers multiple bioactive proteins 

for therapeutically relevant in vitro and in vivo applica-
tions. In short, by addressing the distinct bottlenecks of 
EV-mediated delivery, our IDEA platform incorporated 
higher levels of intracellular proteins within EVs and ful-
filled efficient cargo release after uptake.

When compared with virus-based payload deliv-
ery, EV-based systems have the advantage of being less 
immunogenic and easier to manufacture (Greening et al., 
2023; Herrmann et al., 2021). Besides, IDEA (i) allows 
a rapid onset of intracellular biological activity (e.g., 
Cre enzyme is delivered in its active form and induces 
recombination rapidly after entering a cell, while AAV or 
lentivirus require a time delay for Cre recombinase to be 
expressed from the Cre gene); (ii) delivers cargo directly 
and transiently into recipient cells, and in the context 
of transcription factors or gene-editing tools, IDEA can 
potentially avoid unwanted off-target and knock-on 
effects caused by prolonged expression; and (iii) does not 
involve potential risks associated with DNA integration 
within the host genome. Another intriguing character-
istic of EVs is the capability to concurrently encapsulate 
multiple cargos, including the surface display of target-
ing entities for cell or tissue specificity. Combined, due to 
its modularity, flexibility, and versatility, IDEA technology 
could potentially be used to generate EVs delivering a 
wide range of functional proteins for therapeutic appli-
cations. It should be noted, however, that the protocols 
described here are not meant to supplant AAV/lentivirus 
or LNP technology but rather to complement them.

Therapeutic targeting of the cGAS-STING pathway 
remains a substantial challenge: neither the natural 
ligands cyclic dinucleotides (CDNs) nor small-molecule 
STING agonist compounds have shown remarkable effi-
cacy in preclinical studies (Meric-Bernstam et al., 2022, 
2023). The efficient delivery of cGAS, as the upstream 
modulator of STING signaling, would be a novel prom-
ising approach for antitumor therapy. Encouragingly, our 
results demonstrated that administration of cGAS EVs 
shows excellent efficacy in controlling tumor growth 
across multiple murine cancer models, eliciting sys-
temic antitumor immunity that can protect against 
tumor rechallenge. The engineered EVs enhance the 
intracellular delivery of cGAS via an endosomal escape 
mechanism, preferentially activating STING in myeloid 
cell populations within the TME to trigger a multifaceted 
shift to a “hot” T-cell-inflamed TME that inhibits tumor 
growth. Owing to both their membrane-penetrating prop-
erties and immune-stimulatory activity, cGAS EVs pro-
vide advantages over existing STING agonists. Systemic 
administration of immunotherapies can cause off-target 
side effects, such as inflammation or autoimmunity (Liu 
et al., 2019). However, local injection constitutes a fea-
sible strategy to reduce the risk of systemic toxicities 
and achieve higher local bioactive drug concentrations. 
Regarding the mechanism of cGAS EVs in antitumor 
immunity, we do not rule out the possibility that other 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwae015#supplementary-data
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mechanisms of cGAS-mediated immunotherapy may be 
involved, especially in the heterogeneous TME. In addi-
tion, while not explored herein, an attractive feature of 
cGAS EVs is the ability to efficiently encapsulate a diver-
sity of cargos, offering opportunities for co-delivery with 
other intracellular immunomodulators.

Currently, VSV-G co-expression in EVs is critical to 
our IDEA strategy for functional delivery of intracel-
lular proteins, although we have not determined the 
underlying molecular mechanisms. Similarly, VSV-G is 
also used in the latest studies of eVLPs for efficient 
delivery of nuclear proteins such as CRISPR base-
editors (Banskota et al., 2022). Since VSV-G is a viral 
envelope protein, it should be further tested to deter-
mine whether its immunogenicity may be detrimental, 
especially for applications beyond boosting immune 
response in cancer immunotherapy as we described in 
this study. Moreover, improving EV targeting/specific-
ity is also an urgent problem to be solved. In particu-
lar, we envision that payloads targeted for endocytosis 
by specific cell surface receptors could be obtained 
through membrane engineering on EV-producing cells. 
Thirdly, further experiments are clearly required to 
determine whether the intracellular delivery of the 
cGAS downstream molecules, such as STING, TBK1, 
or IRF3, could elicit better efficacy. Finally, since our 
study involves cancer immunotherapy studies per-
formed in mice, future studies will need to evaluate 
whether cGAS EVs also elicit more potent and broad 
antitumor responses in nonhuman primates and 
humans. In summary, we present a novel technology 
to efficiently generate engineered EVs for the intra-
cellular transfer of bioactive proteins. The facile IDEA 
platform is versatile and could also be applied for the 
delivery of other intracellular proteins, such as CRISPR 
enzymes or other therapeutic proteins, which would 
have a significant impact on medicine.

Materials and methods
Cell culture
Mouse colon cancer cells MC38, melanoma cells B16.F10, 
and human monocyte THP-1 cells were originally pur-
chased from Procell Life Science & Technology Co. Ltd. 
HeLa, HEK293T, and HEK293F cells were originally pur-
chased from the American Type Culture Collection. All 
cell lines were free from mycoplasma and authenticated 
with short tandem repeat (STR) profiling using RT-qPCR. 
MC38, B16.F10, HeLa, and THP-1 cells were cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) and 
RPMI 1640 supplemented with 10% fetal bovine serum. 
HEK293F cells were cultured in the Union-293 (Union-
Biotech) medium under continuous shaking at 175 rpm. 
All cells were cultured in a humidified incubator con-
taining 5% CO2 at 37°C.

Animals
Female C57BL/6 mice (aged 6–8 weeks) were obtained 
from GemPharmatech Co. Ltd. Animals were main-
tained at the animal facilities under specific- 
pathogen-free conditions under a 12 h–12 h light-dark 
cycle. All animal studies were performed according 
to protocols approved by the Ethics Committee at 
the University of Science and Technology of China 
(USTCACUC24110123017). Mice were allowed to accli-
mate to the experimental housing facility for at least 3 
days before tumor injections.

Construction of vectors
For the VLP system, a coding sequence of Cre was 
inserted to replace the corresponding Cas9 fragment 
in pCMV-MMLVgag-3xNES-Cas9 (Addgene #181752) 
through In-Fusion cloning (Vazyme). For the EV sys-
tem, the CAG promoter in pCAG-Cre (Addgene #13775) 
was replaced with CMV, EF1a, or PGK to create pCMV-
Cre, pEF1a-Cre, and pPGK-Cre vectors. Codon-optimized 
DNA sequences coding for β-catenin and cGAS were PCR 
amplified and cloned downstream of the CAG promoter 
in pCAG-Cre. All expression cassettes were confirmed by 
SANGER sequencing.

Isolation and purification of EVs
HEK293F cells were transfected with the correspond-
ing constructs by PEI transfection reagent (Yeasen). 
Conditioned medium (CM) was harvested for EV iso-
lation. Briefly, CM was collected by centrifugation at 
increasing speeds: 300 ×g for 10 min and 2,000 ×g for 
10 min. Then, the cell-free, debris-free CM was centri-
fuged at 120,000 ×g for 90 min at 4°C, followed by two 
washes with PBS using a benchtop ultracentrifuge with 
an MLA-50 rotor (Beckman Coulter, Optima MAX-XP). 
Further purification of EVs was conducted according to 
the manufacturer’s protocol (IZON) as described pre-
viously (Han et al., 2021). All EVs were used directly or 
stored at −80°C.

Nanoparticle tracking analysis (NTA)
As described previously (Liu et al., 2019), the particle con-
centration and size distribution of EVs were quantified 
using a nanoparticle tracking analyzer (Particle Metrix, 
ZetaView PMX110) equipped with ZetaView 8.04.02 SP2 
software according to the manufacturer’s protocol.

Cryo/Transmission electron microscopy
For TEM analysis, EVs were diluted to 1.5 × 1011/mL 
and incubated for 1.5 min on a 200-mesh FormvarTM 
and carbon-coated copper grid (Ted Pella, 1GC300). 
The grids were rinsed with water and stained with 2% 
uranyl acetate solution. Then, the grids were allowed 
to dry prior to imaging with a transmission electron 
microscope (FEI, Tecnai F12) operating at 80 kV at the 
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University of Science and Technology of China. For 
Cryo-TEM, EVs were applied on a glow-discharged 300 
mesh EM grid with lacey carbon (Ted Pella, 01883-
F) and were vitrified using a Vitrobot (FEI, Mark IV). 
Grids were mounted in a Gatan 626 cryo-holder, and 
two-dimensional automated data were obtained by 
cryo-transmission electron microscopy (FEI, Tecnai G2 
F20) operated at 200 kV at the University of Science 
and Technology of China.

Luciferase reporter assay
THP1-Lucia™ ISG cells express the secreted lucif-
erase (Lucia) reporter gene under the control of five 
interferon-stimulated response elements (ISRE). This 
ISRE luciferase activity of Lucia ISG cells represents 
the activation of STING signaling. Cells were stimu-
lated with cGAMP, native EVs, Ctrl EVs, or increasing 
concentrations of cGAS EVs for 13 h. The ISRE reporter 
activity was determined following the standard proto-
col (Invitrogen).

STING-GFP trafficking assay
HeLa cells stably expressing the STING-GFP gene were 
cultured on glass coverslips overnight. The cells were 
then stimulated with cGAMP, native EVs, Ctrl EVs, and 
cGAS EVs for 4 h. After treatment, cells were fixed and 
imaged with fluorescence microscopy (Leica, DMi8).

RT-qPCR
Total RNA was isolated using a FastPure Cell/Tissue Total 
RNA Isolation Kit (Vazyme) according to the manufactur-
er’s instructions. After reverse transcription using a reverse 
transcription reagent kit (Takara) and oligo (dT) primers, 
real-time quantitative PCR was performed using SYBR Green 
PCR Mix (Takara) and a LightCycler detection system (Roche, 
Synergy H1) as described (Liu et al., 2021). The sequences of 
primers used in this study were as follows: human IFNβ: 
AGGACAGGATGAACTTTGAC, TGATAGACATTAGCCAGGAG; 
human TNFα: TTCTCCTTCCTGATCGTGGC, ATGATCTGA 
CTGCCTGGGCCAG; human IL-6: AGACAGCCACTCACCTCT 
TCAG, TTCTGCCAGTGCCTCTTTGCTG; human CXCL10: GC 
CGTCATTT TCTGCCTCA, CGTCCTTGCGAGAGGGATC; and  
human GAPDH: ATGACATC AAGAAGGTGGTG, CATACCA 
GGAAATGAGCTTG. Relative gene expression was normal-
ized to GAPDH.

Western blot analysis
Total protein from cells, EVs, and tissues was extracted 
using RIPA lysis buffer containing protease and phos-
phatase inhibitors (TargetMol). Protein concentration 
was quantified by BCA protein assay (Biosharp) accord-
ing to the manufacturer’s recommendations. SDS-PAGE 
was performed with 30 μg of total protein using a 12% 
tris-glycine gel. Proteins were detected and quantified 
using the SH-Compact523 gel imaging system (Shenhua 
Science Technology) with HRP-linked secondary 

antibodies (Proteintech) and normalized to GAPDH or 
β-actin. Primary antibodies used for this study were 
purchased from Cell Signaling Technology unless oth-
erwise stated: Cre (Meck-Millipore, 69050-3), β-catenin 
(8480S), Alix (2171S), CD63 (Santa Cruz, sc-5275), TSG101 
(Servicebio, GB11618), Calnexin (2433S), cGAS (D1D3G), 
p-STING (Thermo Fisher, PA5-105674), STING (13647S), 
TBK1(3504S), p-TBK1 (5483S), p-IRF3 (29047S), NF-κB 
(8242S), IRF3 (Biolegend, 655701), p-NF-κB (Servicebio, 
GB113882), β-actin (Proteintech, 66009-1-Ig), and GAPDH 
(Proteintech, 10494-1-AP).

Flow cytometric analysis
For quantification of Cre delivery, 293T reporter cells were 
collected for GFP analysis after incubation with EVs for 
48 h. For quantification of cell viability, MC38 cells were 
treated with cGAMP, Ctrl EVs, cGAS EVs, and gag-cGAS 
EVs for 24 h. The cells were then suspended and stained 
with Fixable Viability Dye according to the protocol sup-
plied by the manufacturer (Invitrogen). The fluorescence 
signal of the cells was acquired and analyzed using flow 
cytometry (BD, LSRFortessa).

In vivo studies
MC38 and B16.F10 tumors were grown by subcutaneous 
(sc) implantation of 5 × 105 or 1 × 106 cells in 50 µL of 
PBS in the right flank (of shaved mice). When the tumor 
volume reached ~50–70 mm3, tumor-bearing mice were 
randomly assigned and intratumorally injected with 
PBS, cGAMP, Ctrl EVs, or cGAS EVs, as appropriate. Tumor 
size and body weight were measured and recorded 
every 3 days. Tumor volume was calculated with the 
formula (length × width2)/2. Animals were euthanized 
if tumors developed open ulcerations or reached vol-
umes > 1,500 mm3 or when body weight loss exceeded 
20%. For in vivo synergistic immunotherapy, mice were 
intraperitoneally (i.p.) injected with 250 μg checkpoint 
inhibitor anti-PD-1 antibody (Bioxcell, BE0146) or cGAS 
EVs for a total of three doses. For the rechallenge studies, 
mice with long-term survival from specific groups were 
inoculated with 1 × 106 MC38 cells or 1 × 106 B16.F10 cells 
on the flank opposite the initial tumor injection.

Immunofluorescence staining
Tumors were collected from mice, washed with 1× PBS 
twice, fixed in periodate-lysine-paraformaldehyde for 
16–24 h, dehydrated in 30% sucrose for 24 h, and then 
snap frozen in OCT. Tumor tissue in OCT was sectioned 
at 10 μm thickness, blocked for 60 min in staining buffer 
(0.1 mol/L Tris, 1% BSA, 1% FBS, 0.3% Triton X-100), and 
stained with fluorescently conjugated or unconjugated 
antibodies overnight at 4°C. Slides were washed with 
1× PBS and further stained for 1 h with fluorescently 
conjugated secondary antibodies for unconjugated anti-
bodies following the protocol (Ma et al., 2019). Antibodies 
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against CD45 (GB113886), CD4 (GB15064), CD8 (GB114196), 
F4/80 (GB113373), Ly6G (GB11229), iNOS (GB11119), and 
CD206 (GB113497) were purchased from Servicebio. 
Antibodies against NK1.1 (39197) were purchased from 
Cell Signaling Technology. Antibodies against tdTomato/
RFP (600-401-379) were purchased from ROCKLAND. 
Immunofluorescence images were taken under fluores-
cence microscopy (Leica, DMi8) and analyzed using LAS 
X Navigator software.

Safety studies
Once reaching the tumor size endpoint, blood was har-
vested, allowed to clot, and used to prepare serum for 
analysis. The serum was tested by a chemistry analyser 
(Semens, Advia 2400) for levels of albumin (ALB), alkaline 
phosphatase (ALP), aspartate aminotransferase (AST), 
cholesterol (CHOL), direct bilirubin 2 (DBIL-2), high-
density lipoprotein (HDL), low-density lipoprotein (LDL), 
enzymatic creatinine 2 (ECRE-2), glutathione (GLUH3), 
lipoprotein particles (LDLP), total bile acid (TBA), and tri-
glycerides (TRIG-2). Selected organs were harvested for 
analysis of toxicity. Frozen sections of selected organs 
were subjected to H&E staining using the same method 
as reported previously (Ma et al., 2019).

Depletion of immune cells in vivo
As previously described (Wang et al., 2020), to deplete 
immune cells in vivo, tumor-bearing mice were intraperi-
toneally injected with anti-CD4 (Bioxcell, BE0003), anti-
CD8α (Bioxcell, BE0061), anti-NK1.1 (Bioxcell, BE0036), 
anti-Ly6G (Bioxell, BE0075), or isotype control (BioXcell, 
BE0090, BE0085) antibodies at an initial dose of 250 μg 1 
day before treatment, followed by 250 μg every 3 days. To 
deplete macrophages, tumor-bearing mice were intrave-
nously injected with 180 μL Clophosome®-A liposomes 
(FormuMax, F70101C) at an initial dose of 180 μL 1 day 
before treatment, followed by 100 μL every 3 days. Plain 
control liposomes (FormuMax, F70101) were used as 
controls. Depletion of CD4+ T cells, CD8+ T cells, NK cells, 
macrophages, and neutrophils was confirmed using flow 
cytometry analysis.

Tumor dissociation
Tumor samples were harvested 4 h after the second 
dosage of treatment and stored in MACS Tissue Storage 
Solution (Miltenyi Biotec, catalog No. 130-100-008). 
Afterward, the samples were dissected into tiny pieces 
(approximately 1 mm3) on ice and digested with rea-
gents from a Mouse Tumor Dissociation Kit (Miltenyi 
Biotec, 130-096-730) in accordance with the package 
recommendations. After removal of the red blood cells, 
single cells were resuspended in ice-cold MACS buffer 
with CD45 Microbeads (Miltenyi Biotech, 130-110-618) 
and incubated for 15 min at 4°C before being washed 
with 2 mL of MACS buffer and centrifuged. Cells were 
filtered through a 30 μm cell strainer and passed through 

a prewetted MS column on a MACS magnetic cell separa-
tor (Miltenyi Biotech). The CD45+ cells were eluted with 
1 mL of MACS buffer, and the cell number and viability 
were determined.

Single-cell sequencing and data processing
Single-cell suspensions were adjusted to a cell con-
centration of 700–1,200 cells/μL, and libraries were 
constructed according to the instructions provided in 
the 10× Genomics Chromium Next GEM Single Cell 3ʹ 
Reagent Kits v3.1 (10× genomics, 1000268). The con-
structed libraries underwent sequencing using the 
Illumina Nova 6000 PE150 platform. The raw FASTQ 
files underwent processing using CellRanger software 
(Version 7.0.1), which included the incorporation of 
intronic reads. For the identification of potential doublets 
within individual samples, DoubletDetection software 
(Version 4.2) was applied, with the following parameters: 
boost_rate = 0.5 and voter_thresh = 0.9. Additionally, 
Scrublet software (Version 0.2.3) was employed, with 
a sim_doublet_ratio of 0.5, and the expected_doublet 
rate was evaluated based on the results obtained from 
DoubletDetection. Data integration and quality con-
trol procedures were conducted using Scanpy software 
(Version 1.9.3). Gene filtering was executed, involving 
the exclusion of genes expressed in fewer than three 
cells. Cell filtering incorporated the following three cri-
teria: (i) The number of detected genes ranged from 
500 to 8,000. (ii) The proportion of mitochondrial gene 
counts exceeded 10%. (iii) Cells that were not identified 
as doublets by both DoubletDetection and Scrublet were 
retained. Furthermore, single cells that coexpressed two 
sets of canonical cell type markers were categorized as 
doublets and subsequently removed. Ultimately, a total 
of 49,741 high-quality cells were retained for subsequent 
analysis.

Dimensionality reduction and clustering
The gene expression levels of each cell were normal-
ized to a count of 10,000 and log-transformed, prepar-
ing the data for subsequent analysis. Variable genes 
were selected independently for each sample using 
default parameters. The top 1,500 genes, characterized 
by the highest frequencies, were identified as the most 
variable genes, followed by the removal of ribosomal or 
mitochondrial genes. Cells with the most variable genes 
were then scaled with regression of total UMI counts, 
percent mitochondrial transcripts, S phase scores, and 
G2M phase scores. To eliminate any batch effects intro-
duced by differences in mouse samples, the Harmony 
algorithm was employed. The scaled matrix was utilized 
to perform principal component analysis (PCA), which 
was subsequently adjusted into a Harmony matrix, 
treating samples as batches. The batch‐corrected matrix 
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was employed to construct the nearest neighbor graph, 
and the Leiden algorithm was used to find clusters. In 
the first round of clustering, major cell types, including 
NK cells, T cells, B cells, DCs, neutrophils, Mac/Monos, 
mast cells, and CD45-negative cells, were identified 
based on canonical markers (Ncr1 for NK cells; Cd3e for 
T cells; Cd79a for B cells; Flt3 for DCs; Csf3r for neutro-
phils, Msr1 for Mac/Monos, and Tpsb2 for mast cells). 
Subsequently, independent clustering was performed 
within each major cell type with a higher resolution 
using the method described above. Uniform manifold 
approximation and projection (UMAP) was employed for 
visualization throughout the analysis.

Calculation of gene signature scores
The calculation of gene signature scores was conducted 
using the “score_genes” function in Scanpy, utilizing 
default parameters. These scores were computed as the 
average expression level of a specific set of genes sub-
tracted from the average expression of a reference set 
of genes randomly sampled from the entire gene pool. 
Gene signature datasets were obtained from various 
sources: (i) neutrophil-associated signature gene sets 
were retrieved from the gene ontology (GO) database. 
(ii) IFN-related gene sets, including canonical STING tar-
gets, IFNα response genes, and NK-κB target genes, were 
sourced from previously published research. (iii) T-cell 
cytotoxicity-related genes were obtained from a sepa-
rate study. (iv) Similarly, gene sets for assessing cell cycle 
states were adopted from a previously reported scoring 
system.

Differential expression and pathway enrichment 
analysis
Differential expression analysis was conducted using 
the Wilcoxon rank-sum test to calculate P values, and 
the Benjamini-Hochberg method was applied for mul-
tiple testing corrections. Differentially expressed genes 
(DEGs) between two groups of cells were identified 
based on adjusted P values and log2FC, with a min-
imum expression threshold of 10% in either group of 
cells. For comparisons between cell types, genes with 
an adjusted P value less than 0.01 and a log2FC greater 
than 0.75 were considered DEGs. For comparisons 
between treatment groups, genes with an adjusted P 
value less than 0.05 and a log2FC greater than 0.25 were 
considered DEGs. To characterize IFN-response subpop-
ulations, “CD4T Treg IFN response,” “CD4T memory IFN 
response,” “CD8T IFN response,” and “Mac antitumoral” 
were designated as IFN-response subpopulations and 
compared with other nonresponse subpopulations. GO 
enrichment analysis for biological processes and KEGG 
enrichment analysis were performed to uncover the 
biological implications of DEGs. The hypergeometric 
distribution was applied to calculate P values, followed 

by multiple testing corrections using the Benjamini-
Hochberg method, all conducted using clusterProfiler 
software (Version 4.9.0.002). Categories with adjusted 
P values less than 0.05 were regarded as statistically 
significant.

Trajectory inference of neutrophils
To comprehend the evolutionary dynamics of neutrophil 
subpopulations, particularly the differentiation poten-
tial of neutrophils from the Neu_protumoral state into 
the Neu_antitumoral state, trajectory inference was 
performed using Monocle2 software (Version 2.18.0). 
Integrated gene expression matrices were employed to 
construct a CellDataSet, with genes expressed in fewer 
than 10 cells being removed from consideration. The 
most variable genes among neutrophils, as mentioned 
earlier, were identified as functional marker genes. These 
markers were subsequently utilized for sorting and 
clustering in subsequent analyses. After the DDRTree 
dimension reduction method was applied, the branched 
expression analysis modeling (BEAM) algorithm was 
used to identify genes with branch-dependent expres-
sion patterns that exhibit differences between the fate 1 
and fate 2 trajectories.

Cell–cell interaction analysis
To comprehensively depict potential cell–cell interac-
tions, CellChat software (Version 1.6.1) was employed to 
infer both the number and strength of significant inter-
actions. This was achieved by assessing the expression of 
a receptor in one cell population and a ligand in another. 
Normalized counts were loaded and processed with a 
standard parameter set. Receptor–ligand interactions 
were screened using the CellChatDB.mouse database 
as a reference, along with the precompiled mouse pro-
tein–protein interactions (PPI. mouse) as a priori network 
information. The control and cGAS treatment groups 
were analyzed independently using standard parame-
ters and subsequently merged to compare differences 
in interactions between the groups. Interactions with 
a P value less than 0.01 were considered statistically 
significant.

Statistical analysis
Statistical analysis was performed using GraphPad 
Prism 9 software. Statistical analyses included two-
sided unpaired t test and one-way ANOVA with Tukey’s 
multiple comparison tests, as appropriate. Survival was 
plotted for every group by the Kaplan-Meier method and 
compared by a two-sided log-rank (Mantel-Cox) test. 
All data are shown as the mean ± standard error of the 
mean (SEM). P values of less than 0.05 were considered to 
indicate statistical significance, and the exact values are 
labeled in the results.
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Supplementary data
Supplementary data is available at Protein & Cell Journal 
online https://doi.org/10.1093/procel/pwae015.
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