
Article https://doi.org/10.1038/s41467-024-55751-4

Inhalable nanovesicles loaded with a STING
agonist enhance CAR-T cell activity against
solid tumors in the lung

Tianchuan Zhu 1,4, Yuchen Xiao 1,4, Zhenxing Chen 1, Hanxi Ding 1,
Shoudeng Chen 2 , Guanmin Jiang 3 & Xi Huang 1

Suppression of chimeric antigen receptor-modified T (CAR-T) cells by the
immunosuppressive tumormicroenvironment remains amajor barrier to their
efficacy against solid tumors. To address this, we develop an anti-PD-L1-
expressing nanovesicle loaded with the STING agonist cGAMP (aPD-L1
NVs@cGAMP) to remodel the tumor microenvironment and thereby enhance
CAR-T cell activity. Following pulmonary delivery, the nanovesicles rapidly
accumulate in the lung and selectively deliver STING agonists to PD-L1-
overexpressing cells via the PD-1/PD-L1 interaction. This targeted delivery
effectively avoids the systemic inflammation and poor cellular uptake that
plague free STING agonists. Internalized STING agonists trigger STING sig-
naling and induce interferon responses, which diminish immunosuppressive
cell populations such as myeloid-derived suppressor cells in the tumor
microenvironment and promote CAR-T cell infiltration. Importantly, the anti-
PD-L1 single chain variable fragment on the nanovesicle surface blocks PD-L1
upregulation induced by STING agonists and prevents CAR-T cell exhaustion.
In both orthotopic lung cancer and lung metastasis model, combined therapy
with CAR-T cells and aPD-L1 NVs@cGAMP potently inhibits tumor growth and
prevents recurrence. Therefore, aPD-L1 NVs@cGAMP is expected to serve as
an effective CAR-T cell enhancer to improve the efficacy of CAR-T cells against
solid tumors.

Chimeric antigen receptor (CAR) T-cell therapy has emerged as a
revolutionary approach for cancer immunotherapy1. By genetically
engineering patient-derived T cells to express synthetic CARs, this
technology empowers T cells with enhanced capacities to recognize
and eliminate tumor cells expressing tumor-associated antigens2,3.
Currently, CAR-T cell therapy has achieved great success in treating
hematologic malignancies2,4. However, its effectiveness in solid
tumors remains limited due to the immunosuppressive tumor

microenvironment (TME)5–7. This environment, characterized by anti-
inflammatory cytokines, tumor metabolites, and immunosuppressive
cells, creates conditions that impede the proliferation and antitumor
activity of CAR-T cells.

Reversing the immunosuppressive TME to an immunostimulatory
state is thus considered a promising strategy to improve the efficacyof
CAR-T cells against solid tumors8–10. Studies have shown that pre-
treatment of tumor tissue with photothermal agents, immune
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checkpoint inhibitors, or other immune activators canpartially reverse
the suppressive state, thereby enhancing the tumor-killing potential of
CAR-T cells11–16. Additionally, biomaterials such as lyophilized lymph
nodes, lymph node-mimetic scaffolds, and injectable hydrogels can
serve as delivery vehicles for CAR-T cells, providing a pro-
inflammatory environment in vivo that promotes CAR-T cell pro-
liferation and antitumor activity17–19. Notably, activators of the inter-
feron (IFN) gene stimulator (STING) pathway, known for its ability to
induce antitumor immunity, have garnered significant interest20–23.
Through inducing the production of proinflammatory cytokines such
as type I interferons and chemokines, STING agonists promote the
recruitment of innate and adaptive immune cells, while concurrently
restricting the accumulation of immunosuppressive cells such as reg-
ulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs)
within tumors24–26. Nonetheless, employing STING agonists to reverse
the suppressive tumor microenvironment and enhance CAR-T cell
efficacy in solid tumors faces several challenges27–30. First, STING
agonists are susceptible to degradation by deoxyribonucleases (DNa-
ses) and phosphatases in the bloodstream, and their high hydro-
philicity hampers their cellular membrane penetration, resulting in
suboptimal cellular uptake26. Second, given the ubiquitous expression
of STING across various cell types, intravenous administration could
trigger an overactive immune response, leading to a cytokine storm24.
While intratumoral administration has been explored, it is not feasible
for deep-seated tumors such as lung cancer. Finally, STING agonists
can induce the upregulation of programmed death ligand 1 (PD-L1) on
tumor cells, which may lead to T-cell exhaustion23. Therefore, there is
an urgent need to develop efficient delivery systems for STING ago-
nists and strategies to inhibit PD-L1 on tumor cells, thereby improving
the antitumor efficacy of CAR-T cells.

Cell membrane-derived nanovesicles are multifunctional drug
delivery vehicles owing to their excellent biocompatibility and cargo
capacity31,32. Furthermore, advances in genetic engineering have
enabled the design of nanovesicles with enhanced targeted drug
delivery capacities33–36. For instance, our team has successfully engi-
neered nanovesicles with improved tumor-targeting properties, sig-
nificantly enhancing the delivery efficiency of chemotherapeutic
agents, photothermal agents, and glutamine antagonists37–40. Impor-
tantly, these engineered nanovesicles can block immune checkpoints
on tumor cells akin to monoclonal antibodies, thus preventing T-cell
exhaustion37,38. However, intravenously injected nanovesicles tend to
accumulate predominantly in the liver, limiting their efficacy against
extrahepatic cancers41. Fortunately, studies by our team and others
have indicated that nebulized administration enables exosomes to
primarily accumulate in the lungs, significantly improving the bioa-
vailability of the encapsulated drug in pulmonary tissue42. Hence, we
hypothesized that inhaled nanovesicles loaded with STING agonists
could effectively deliver these agonists to lung tissue, thereby rever-
sing the immunosuppressive TME in lung cancer.

In this study, we developed an anti-PD-L1-expressing nanovesicle
loaded with a STING agonist (aPD-L1 NVs@cGAMP) to enhance CAR-T
cell potency against solid tumors (Fig. 1). Following inhalation, aPD-L1
NVs@cGAMP rapidly accumulated in lung tissues and delivered
cGAMP to cells with high PD-L1 expression in tumor tissues via PD-1/
PD-L1 interactions. Once internalized, the STING agonist promotes
CAR-T cell infiltration into tumor tissue by inducing proinflammatory
cytokines such as IFN-β and chemokines, while simultaneously redu-
cing immunosuppressive cell populations such as MDSCs. Impor-
tantly, aPD-L1 NVs@cGAMP effectively prevent CAR-T cell exhaustion
in tumor tissues by blocking PD-L1. In mouse models of lung cancer
(both primary and metastatic) and tumor recurrence, these nanove-
sicles substantially enhanced the proliferation and antitumor efficacy
of CAR-T cells by remodeling the immunosuppressive TME, thereby
improving the survival rate of tumor-bearing mice. Taken together,
this study establishes a safe and effective strategy to augment the

antitumor potential of CAR-T cells by remodeling the immunosup-
pressive TME, providing insights into their application against solid
tumors.

Results
Preparation and characterization of MSLN CAR-T cells
To substantiate our hypothesis, we engineered CAR-T cells specific to
Mesothelin (MSLN) and designated these cells MSLN CAR-T cells
(Fig. 2a). Mesothelin, a cell surface glycoprotein, is overexpressed in
several malignancies, including lung, pancreatic and ovarian cancer. T
cells lacking extracellular expression of a single-stranded variable
fragment (scFv) against MSLN were used as controls and were termed
MOCK-T cells. Following the transduction of isolated peripheral blood
T cells with a lentivirus encoding the CAR construct packaged in a
triple plasmid system (Supplementary Fig. 1), we successfully gener-
ated CAR-T cells expressing CAR proteins. Notably, the co-expression
of CAR protein and green fluorescent protein (GFP) in these cells
allowed for an indirect assessment of CAR expression efficiency
through the observation of GFP in T cells via fluorescencemicroscopy.
Fluorescence microscopy revealed that both types of lentivirus-
transduced T cells exhibited bright green fluorescence, indicating
successful CAR protein expression (Fig. 2b). Furthermore, flow cyto-
metry quantification of the CARprotein on theT cell surface revealed a
lentiviral transduction efficiency of approximately 64% (Fig. 2c).

To assess the specific cytotoxicity of CAR-T cells against tumor
cells, we cocultured them with PC-9 cells and MSLN-overexpressing
LLC and B16 cells (designated as LLC-MSLN and B16-MSLN cells). The
LLC-MSLN and B16-MSLN cells were generated via lentiviral infection
and puromycin screening (Supplementary Figs. 2-3). Inverted fluores-
cencemicroscopy revealed a dose-dependent cytotoxic effect of CAR-
T cells on PC-9 cells (Fig. 2d). Moreover, the lysis rate of tumor cells by
CAR-T cells was quantified bymeasuring lactate dehydrogenase (LDH)
levels in the supernatant. The results indicated superior lysis of PC-9,
LLC-MSLN and B16-MSLN cells by MSLN CAR-T cells compared to
MOCK-T cells (Figs. 2e, f and Supplementary Fig. 4). Notably, theMSLN
CAR-T cells exhibited enhanced secretion of pro-inflammatory cyto-
kines such as tumor necrosis factor-alpha (TNF-α), interleukin-2 (IL-2),
interferon-gamma (IFN-γ), and granzyme B in the course of tumor cell
eradication relative to that of the MOCK-T cells (Fig. 2g–j and Sup-
plementary Fig. 5).

To further investigate the anti-tumor efficacy of CAR-T cells
in vivo, we established murine models of LLC orthotopic lung cancer
and B16 lung metastasis. The LLC orthotopic lung cancer model was
generated by orthotopic injection of luciferase-tagged LLC-MSLN cells
into mice, while the B16 lung metastasis model was established by
intravenous injection of luciferase-tagged B16-MSLN cells via the tail
vein. The antitumor effects of MSLN CAR-T cells were assessed using
an IVIS imaging system following the administration of either MOCK-T
cells or MSLN CAR-T cells to tumor-bearing mice. IVIS imaging indi-
cated that MSLN CAR-T cells partially inhibited tumor cell growth in
mice, but were unable to eradicate tumor cells completely (Fig. 2k and
Supplementary Fig. 6). Survival analysis of the tumor-bearing mice
revealed a 100% mortality rate within 35 days in the MSLN CAR-T
treatment group (Fig. 2l). Additionally, analysis of the percentage of
CAR-T cells in peripheral blood at different time points showed that
the proportion of MSLN CAR-T cells peaked on day 7 post-injection
and then declined rapidly (Supplementary Fig. 7). These findings
underscore that while MSLN CAR-T cells demonstrate potent tumor
cytotoxicity in vitro, their antitumor efficacy in vivo is significantly
limited.

Preparation and characterization of aPD-L1 NVs@cGAMP
To enhance the antitumor efficacy of CAR-T cells against solid tumors
in vivo, we engineered specialized nanovesicles to reverse immuno-
suppressive tumor microenvironments. Initially, we established a
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stable 293 T cell line (aPD-L1 293 T), which was genetically modified to
express anti-PD-L1 scFv with GFP-tagged proteins on membranes
through lentiviral transduction and puromycin selection. The GFP tag
served solely as a fluorescent marker for the anti-PD-L1 scFv in this
experiment, and was deleted in subsequent experiments to eliminate
its potential functional impact on the scFv. Inverted fluorescence
microscopy revealed robust green fluorescence in most lentivirus-
transduced 293 T cells, indicating successful expression of the anti-PD-
L1 scFv (Fig. 3a). Flow cytometric analysis further confirmed thatmore
than 99% of the 293 T cells post-resistance screening expressed the
anti-PD-L1 scFv (Fig. 3b). Importantly, co-incubation experiments
demonstrated that the aPD-L1 293 T cells effectively bound recombi-
nant PD-L1 protein, confirming that the anti-PD-L1 scFv expressed on
the cell surface retained its antigen-binding capability (Supplemen-
tary Fig. 8).

Subsequently, we lysed these modified 293 T cells to extract their
membranes, which were then resuspended in PBS. We then produced
nanovesicles expressing anti-PD-L1 scFv (aPD-L1 NVs) by subjecting
these membranes to serial extrusion through 800nm and 200nm
polycarbonate membranes. Transmission electron microscopy (TEM)
demonstrated that the aPD-L1 NVs were homogenous in structure

(Fig. 3c and Supplementary Fig. 9). In addition, the zeta potential of
these aPD-L1 NVs was approximately -20 mV (Fig. 3d), which was
slightly higher than that of unmodified nanovesicles (Free NVs). The
increased zeta potential of aPD-L1 NVs may be attributed to the higher
isoelectric point of the anti-PD-L1 scFv, which imparts a slight positive
charge to the scFv in neutral solutions43–45. The presenceof the anti-PD-
L1 scFv in these nanovesicles was further confirmed through Western
blot analysis (Fig. 3e). To ensure the functional orientation of the scFv,
we employed latex bead coupling and subsequent flow cytometric
analysis, confirming the outward-facing orientation of the anti-PD-L1
scFv on the aPD-L1 NVs (Fig. 3f).

To evaluate the PD-L1 blocking efficacy of aPD-L1 NVs, we co-
incubated these nanovesicles with PD-L1-expressing PC-9 cells. Flow
cytometry demonstrated a significant reduction in detectable PD-L1
signals on PC-9 tumor cells pretreated with both aPD-L1 NVs and an
anti-PD-L1 antibody compared to those on control cells, confirming
effective PD-L1 blockade by aPD-L1 NVs (Fig. 3g). The ability of aPD-L1
NVs to specifically target PD-L1 was further assessed by coincubation
with PC-9 cells stably expressing PD-L1 (GFP-PD-L1 PC-9 cells), in
which GFP and PD-L1 were tandemly expressed for fluorescent
tracking of PD-L1 (Supplementary Fig. 10). Confocal microscopy

Fig. 1 | Schematic illustration of the ability of aPD-L1 NVs@cGAMP to enhance
the antitumor efficacy of CAR-T cells. A Schematic illustration of the preparation
process of aPD-L1 NVs@cGAMP. B The mechanism by which aPD-L1 NVs@cGAMP
enhance the antitumor efficacy of CAR-T cells. The inhaled aPD-L1 NVs@cGAMP
rapidly aggregated in lung tissues and delivered STING agonists to cells with high
PD-L1 expression in tumor tissues via the PD1/PD-L1 interaction. An internalized

STING agonist reversed the suppressive inflammatory tumormicroenvironment to
a proinflammatory tumor microenvironment by activating the STING pathway,
which in turn enhanced the antitumor efficacy of CAR-T cells. In addition, aPD-L1
NVs@cGAMP could effectively prevent CAR-T cell exhaustion by blocking PD-L1.
APC: antigen-presenting cell, DC: Dendritic Cells, Mφ: Macrophage.
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revealed greater accumulation of aPD-L1 NVs in GFP-PD-L1 PC-9 cells
than in free NVs (Fig. 3h), underscoring the targeted nature of these
nanovesicles. Such nanovesicle accumulation on tumor cells was
abolished by competitive blockade with anti-PD-L1 antibodies,

confirming the specificity of the nanovesicle-tumor interaction
mediated by anti-PD-L1 scFvs. Finally, we loaded these nanoparticles
with STING agonist (2'3’-cGAMP) to enhance their therapeutic
potential (aPD-L1 NVs@cGAMP). This agonist, a non-traditional cyclic

Fig. 2 | Preparation and characterization of MSLN CAR-T cells. a Molecular
structures of MOCK-T and MSLN CAR-T cells. b Lentiviral transduction efficiency of
T cells by inverted fluorescence microscopy. Scale bar: 200 μm. DIC: Differential
Interference Contrast, GFP: Green fluorescent protein. c Efficiency of CAR protein
expression in T cells as determined by flow cytometry. dAfter co-incubation of CAR-T
cells (Green)with PC-9 cells (Red) at effector-target ratios (E: T ratios) of 0.5, 1, 2, and 5
for 24hours, the killing effect of CAR-T cells on PC-9 cells was observed using inverted
fluorescence microscopy. Scale bar: 100 μm. e, f Lysis rates of (e) PC-9 cells and (f)
LLC-MSLN cells induced by CAR-T cells, determined by LDH assay after 24-hour co-
incubation at effector-target ratios of 0.2, 0.5, 1, 2, and 5 (n= 3 independent

experiments). g–j The levels of cytokines IL-2, IFN-γ, TNF-α and granzyme B in the
supernatants were determined by ELISA after co-incubation of CAR-T cells with PC-9
or LLC-MSLNcells (n=3 independent experiments).kAntitumor effects ofCAR-T cells
on LLC-MSLN and B16-MSLN tumor-bearingmice was evaluated using the IVIS system
after injection of MOCK-T cells or MSLN CAR-T cells (n=4 mice). l Survival curves of
LLC-MSLN and B16-MSLN tumor-bearing mice after injection of MOCK-T cells or
MSLNCAR-T cells (n= 10mice). All data are presented as themean ± S.D. The p values
were determined by two-way ANOVA with Tukey’s post-test for (e) and (f); by two-
tailed Student’s t test for (g–j); and by log rank (Mantel-Cox) test for (l). Source data
underlying e–j, l are provided as a Source Data file.
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dinucleotide, robustly activates diverse STING variants to trigger
interferon production. The encapsulation efficiency of 2'3’-cGAMP in
the nanovesicles increased in a dose-dependent manner, as depicted
in Fig. 3i. The nanovesicles maintained a consistent particle size and
dispersion formore than 48 hours, suggesting that the STING agonist
had a minimal impact on nanovesicle stability (Fig. 3j). Moreover,
these nanovesicles maintained a consistent particle size and exhib-
ited negligible leakage of the STING agonist even after prolonged
storage (Fig. 3k). To evaluate whether aPD-L1 NVs@cGAMP could

retain their bioactivity over time, we compared the levels of IFN-β
secretion and the expression of STING activation–related mRNAs
(IFNB1, IFIT1, IFIT2, and ISG15) in dendritic cells (DCs) treated with
either freshly prepared (day 0) or stored aPD-L1 NVs@cGAMP. As
shown in Fig. 3l and Supplementary Fig. 11, DCs treated with aPD-L1
NVs@cGAMP stored at –80 °C for up to two months exhibited IFN-β
secretion levels comparable to those treated with freshly prepared
nanovesicles, and their STING activation-related mRNA expression
was also similar. These results indicate that aPD-L1 NVs@cGAMP

Fig. 3 | Preparation and characterization of aPD-L1 NVs@cGAMP. a 293 T cells
stably expressing the anti-PD-L1 scFv were observed via inverted fluorescence
microscopy. Scale bar: 200 μm. DIC: Differential Interference Contrast, GFP: Green
fluorescent protein. b Expression of the anti-PD-L1 scFv on aPD-L1 293 T cells was
determined by flow cytometry. c The morphology and size of aPD-L1 NVs were
detected by transmission electron microscopy. d The zeta potential of aPD-L1 NVs
was detected by NTA (n = 3 independent experiments). e Expression of the anti-PD-
L1 scFv protein in aPD-L1 293 T cells and aPD-L1 NVs was detected by Western
blotting. Experiment was repeated twice independently with similar results.
f Expression of the anti-PD-L1 scFv on aPD-L1 NVs was determined by flow cyto-
metry. g PD-L1 blockade on the PC-9 cell surface was detected by flow cytometry
after coincubation of PC-9 cells with PBS, free NVs, aPD-L1 NVs or aPD-L1 mAb.
hConfocalmicroscopywas used to detect the accumulation ofDiI-labeled free NVs

and aPD-L1 NVs on GFP-PD-L1 PC-9 cells after coincubation. Scale bar: 50 μm.
i Encapsulation efficiency of aPD-L1 NVs for 2'3’-cGAMP (n = 3 independent
experiments). j Change curve of the particle size of aPD-L1 NVs@cGAMP when
stored at room temperature (n = 3 independent experiments). k Leakage rate of
2'3’-cGAMP from aPD-L1 NVs@cGAMP stored at -80 °C (n = 3 independent experi-
ments). l Efficiency of aPD-L1NVs@cGAMP in inducing IFN-β release fromDCs after
storage at –80 °C for varying durations. DCs treated with PBS and aPD-L1 NVs were
used as negative controls (n = 3 independent experiments). For a, c and
h, experiment was repeated three times independently with similar results. All the
data are presented as the mean ± S.D. The p values were determined by two-way
ANOVAwith Tukey’s post-test for (j); and by one-way ANOVAwith Tukey’s post-test
for (l). Source data underlying d, e, i–l are provided as a Source Data file.
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maintain their bioactivity even after long-term storage, which is
crucial for potential clinical application.

In vitro bioactivity and biodistribution of aPD-L1 NVs@cGAMP
Following the preparation of aPD-L1 NVs@cGAMP, we investigated its
potential to improve the antitumor efficacy of T cells. To this end, LLC-
MSLN cells were co-culturedwith CAR-T cells at a 2:1 ratio inmicrotiter
plates, and various pharmacological agents were introduced to
enhance the anti-tumor activity of the CAR-T cells. Crucially, since
dendritic cells (DCs) within the tumor microenvironment often over-
express PD-L1 and are primary target cells for STING agonists46,47, we
included DCs in the experiment tomore accurately simulate how aPD-
L1 NVs@cGAMP enhances the antitumor capacity of CAR-T cells
in vivo. Enzyme-linked immunosorbent assay (ELISA) analyses of the
co-culture supernatants revealed that both aPD-L1 NVs@cGAMP and
free STING agonists significantly elevated IFN-β secretion. Remarkably,
the aPD-L1NVs@cGAMPrequiredmerely 2%of the STING agonist dose
used in the free formto inducecomparable IFN-β, IL-2, IFN-γ andTNF-α
levels, underscoring the efficacy of the nanovesicles in enhancing the
potency of the STING agonists (Fig. 4a and Supplementary Fig. 12). In
contrast, co-administration of aPD-L1 NVs and free STING agonists did
not significantly increase the IFN-β, IL-2, IFN-γ and TNF-α concentra-
tion in the supernatant, indicating that synergy between the two is
crucial foroptimal IFN-β, IL-2, IFN-γ andTNF-α secretion enhancement.
This synergistic effect may be attributed to aPD-L1 NVs facilitating the
cellular uptake of STING agonists. Typically, STING agonists are
hydrophilic and negatively charged, which limits their ability to
penetrate cell membranes and results in poor cellular uptake48,49.
Moreover, free STING agonists are readily degraded by phosphodies-
terases on the cell surface and in circulation, leading to a short half-
life50. In contrast, nanovesicles with lipid bilayer structures can facil-
itate rapid entry into cells via endocytosis or membrane fusion,
thereby improving the intracellular delivery and retention of STING
agonists51. Studies by Kathleen M. et al. have demonstrated that load-
ing STING agonists into extracellular vesicles increased cellular uptake
tenfold compared to free STING agonists49. Moreover, aPD-L1
NVs@cGAMP dose-dependently enhanced IFN-β, IL-2, IFN-γ and TNF-
α secretion (Fig. 4b and Supplementary Fig. 12). The increased relea-
se of proinflammatory factors promoted the proliferation of CAR-T
cells, thereby increasing their tumor eradication efficiency. Compared
to those in the PBS control group, the aPD-L1 NVs@cGAMP-
treated CAR-T cells exhibited a 3-fold increase in proliferation and a
2.3-fold increase in tumor cell eradication (Fig. 4c–f). Notably, even at
low concentrations, aPD-L1 NVs@cGAMP significantly stimulated CAR-
T cell proliferation and enhanced tumor cell killing in a dose-
dependent manner. These results demonstrate the potential of aPD-
L1 NVs@cGAMP to improve the antitumor efficacy of CAR-T cells
in vitro.

The in vivo biodistribution of aPD-L1 NVs@cGAMP is critical to its
therapeutic efficacy. Previous research has suggested that nanove-
sicles accumulate predominantly in the liver following intravenous
administration, limiting their therapeutic impact on extrahepatic
tumors41,52. To address this issue, we explored the improved lung-
specific distribution of aPD-L1 NVs@cGAMP via nebulized adminis-
tration, aiming to enhance its efficacy in modulating lung tumor
microenvironments. Post-administration of DiR-labeled aPD-L1
NVs@cGAMP via intravenous injection or inhalation, we assessed the
nanovesicles’ biodistribution across various mouse organs using IVIS
imaging. The biofluorescence intensity in the lung tissue of the inha-
lation group was 5.5 times greater than that observed in the intrave-
nous group, indicating a significant enhancement in lung
bioavailability via nebulization (Fig. 4g). In addition, confocal micro-
scopy analysis of immunofluorescence-stained lung tissue sections
confirmed these findings, showing greater accumulation of DiI-labeled
aPD-L1 NVs@cGAMP in the lungs following nebulized administration

than after intravenous administration (Fig. 4h). IVIS imaging also
revealed dose-dependent accumulation of aPD-L1 NVs@cGAMP in the
lungs (Fig. 4i). To optimize dosing intervals, we further evaluated the
time-dependent distribution of thesenanovesicles in vivo. Notably, the
lung accumulation of aPD-L1 NVs@cGAMP after inhalation decreased
progressively from6 to 48 hours (Fig. 4j). Interestingly, flow cytometry
analyses indicated that the nanovesicles were taken up after inhalation
not onlyby tumor cellswith highPD-L1 expression, but alsobyDCs and
macrophages (Fig. 4k). This observation is consistent with studies
showing that DCs in the tumor microenvironment often overexpress
PD-L1, which affects T cell activity. Finally, we analyzed STING agonist
levels in various organs following nebulized delivery of aPD-L1
NVs@cGAMP. The results indicated a predominant aggregation of
STING agonists in the lung (Fig. 4l), suggesting that nebulized delivery
could effectively increase the STING agonist concentration in the lung,
thereby altering the tumor microenvironment and potentially miti-
gating cytokine storm.

Remodeling of the tumor microenvironment and inhibition of
tumor growth by aPD-L1 NVs@cGAMP
To evaluate the capacity of aPD-L1 NVs@cGAMP to remodel immu-
nosuppressive tumor microenvironments in vivo, we established a
murinemodel of LLCorthotopic lung cancer byorthotopic injection of
luciferase-tagged LLC-MSLN cells into the lungs of mice. After neb-
ulized administration to tumor-bearing mice, we analyzed the mRNA
expression levels of key inflammatory markers within the lung tumors
by qPCR. Remarkably, despite encapsulating 50-fold less STING ago-
nist than free cGAMPcontrols, aPD-L1 NVs@cGAMPelicited 2-fold, 2.4-
fold, and 2.9-fold greater upregulation of IFN-β, CXCL9, and CXCL10,
respectively (Fig. 5a). This increased expression of CXCL9 and CXCL10
is critical because it is likely to facilitate the recruitment of CD8+ T cells
into tumor tissue, thereby enhancing the antitumor immune response.
In contrast, aPD-L1 NVs did not significantly influence the mRNA
expression levels of these proinflammatory factors. Furthermore, both
aPD-L1 NVs@cGAMP and free STING agonist treatment significantly
upregulated PD-L1 mRNA expression in tumor tissues (Fig. 5a), which
might contribute to T cell exhaustion and subsequent immune evasion
by tumor cells. However, it is important to note that although the high
expression of PD-L1 induced by STING agonists increases the risk of T
cell exhaustion, they overall still play an antitumor role. Previous stu-
dies have demonstrated that STING agonists not only induce the
productionof cytokines (such as IFN-β, CXCL9, andCXCL10) beneficial
for T cell activation and proliferation but may also enhance the anti-
tumor capacity of T cells by promoting the maturation of DCs and
directly acting on tumor cells53–55. Therefore, blocking the high PD-L1
expression induced by STING agonists would be advantageous to
further amplify these antitumor effects. Fortunately, flow cytometry
results indicated that aPD-L1 NVs@cGAMP effectively blocked PD-L1
overexpression on tumor cell surfaces (Supplementary Fig. 13). Next,
we further investigated alterations in the T cell populations within the
tumor tissues using flow cytometry. The results revealed a significantly
greater CD8+/CD4+ T cell ratio in the aPD-L1 NVs@cGAMP group than
in the cGAMP, aPD-L1 NVs and PBS groups, indicating an increase in
CD8+ T-cell infiltration into tumor sites (Fig. 5b). Additionally, the
proportion of Tregs andMDSCs in the aPD-L1 NVs@cGAMP groupwas
lower than in other treatment groups (Fig. 5c, d), suggesting a reduc-
tion in the accumulation of immunosuppressive cells within the tumor
environment. Compared to the free cGAMP group, the exhaustion
markers (PD-1, TIM-3, LAG-3, and TIGIT) on T cells were decreased in
the aPD-L1 NVs@cGAMP group (Fig. 5e, f). This finding indicates that
the anti-PD-L1 scFv on the surface of aPD-L1 NVs@cGAMP may help
alleviate T-cell exhaustion. Furthermore, T cells in the aPD-L1
NVs@cGAMP group expressed higher levels of CD25 (Supplementary
Fig. 14), suggesting that T cells in this group were more activated. In
addition, treatment with aPD-L1 NVs@cGAMP upregulated T helper 1
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(Th1) andTh17 cells in the TMEwhile downregulating Th2 cells (Fig. 5g,
h). The increased Th1/Th2 ratio may be directly associated with PD-L1
blockade, elevated IFN-γ levels, and decreased TGF-β levels induced by
aPD-L1 NVs@cGAMP56,57. PD-L1 blockade and increased IFN-γ promote

thedifferentiationof naiveCD4⁺Tcells intoTh1 cells, whereas reduced
TGF-β levels inhibit the differentiation into Th2 cells. Furthermore, the
upregulation of Th17 cells may be directly associated with the
increased IL-6 levels and the pro-inflammatory microenvironment

Fig. 4 | InvitrobioactivityandbiodistributionofaPD-L1NVs@cGAMP. a,b IFN-β
levels in supernatants were measured after 12 h of adding various agents (a) or dif-
ferent doses of aPD-L1 NVs@cGAMP (b) into a co-incubation system of CAR-T cells,
DCs and LLC-MSLN cells (n = 3 independent experiments). c,d Fold expansion of CAR-
T cells was examined after 5 days of adding various agents (c) or increasing doses of
aPD-L1 NVs@cGAMP (d) to CAR-T cells, DCs and LLC-MSLN cells co-incubation (n=3
independent experiments). e, fTumor cell lysing capacity ofCAR-T cellswas evaluated
after 12h of adding different reagents (e) or graded doses of aPD-L1 NVs@cGAMP (f)
to the co-incubation system of CAR-T cells, DCs and LLC-MSLN cells (n= 3 indepen-
dent experiments). g Six hours after intravenous (i.v.) or inhaled (inh.) administration,
the biodistribution of DiI-labeled aPD-L1 NVs@cGAMP was visualized by IVIS (n=3

mice). h Immunofluorescence staining images of lung tissues 6h from mice injected
intravenously or inhaled with DiI-labeled aPD-L1 NVs@cGAMP. Scale bar: 100 μm.
Experiment was repeated three times independently with similar results. i, j The
biodistribution of DiI-labeled aPD-L1 NVs@cGAMP within major organs was further
analyzed at 6h after inhalation of varying doses (i) or at different time points (j) (n=3
mice). k Uptake of DiI-labeled aPD-L1 NVs@cGAMP by various cells in tumor micro-
environment was analyzed by flow cytometry 6h after inhalation (n= 3 mice). l 2'3’-
cGAMP accumulation in different organs 6h after inhalation of aPD-L1 NVs@cGAMP
(n= 3 mice). All data are presented as the mean ± S.D. The p values were determined
by one-way ANOVA with Tukey’s post-test for (a–f); and by two-tailed Student’s t test
for (g) and (l). Source data underlying a–g, i–l are provided as a Source Data file.
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induced by aPD-L1 NVs@cGAMP58,59. The shift toward a Th1/Th17
phenotype is beneficial, as Th1 cells promote cell-mediated immunity
and are crucial for effective antitumor responses, while Th17 cells can
enhance immune surveillance. Importantly, the proportion of central
memory T cells (TCM) and effector memory T cells (TEM) were sig-
nificantly higher in the aPD-L1 NVs@cGAMP group compared to other
groups (Fig. 5i, j), suggesting that aPD-L1 NVs@cGAMP treatment may

enhance the body’s long-term antitumor immunity by promoting
T-cell memory formation.

Given the ubiquitous expression of STING proteins, over-
stimulation by STING agonists could lead to systemic immune hyper-
activation. Consequently, we measured cytokine levels (IL-6, TNF-α,
IFN-γ, and IFN-β) in both serum and lung tissues using ELISA. Con-
sistent with the qPCR results, the levels of these proinflammatory
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cytokines in lung tissuewere greater in the aPD-L1 NVs@cGAMP group
than in the free STING agonist group, even though the concentration
of the STING agonist in the aPD-L1 NVs@cGAMP group was sig-
nificantly lower (Fig. 5k). Crucially, the serum cytokine levels were
significantly lower in the aPD-L1 NVs@cGAMP group than in the free
STING agonist group. This finding underscores the potential of aPD-L1
NVs@cGAMP to achieve local inflammation without triggering sys-
temic inflammatory responses, thereby reducing the likelihood of
adverse clinical events such as cytokine storms.

Finally, to assess the antitumor efficacy of aPD-L1 NVs@cGAMP in
vivo, we constructed murine LLC orthotopic lung cancer and B16 lung
metastasis models using luciferase-labeled LLC-MSLN cells and B16-
MSLN cells, respectively. Tumor progression was evaluated by the IVIS
systemon the 7th and 14th days following treatment administration on
days 0 and3. The results revealed that tumor growth inhibition by aPD-
L1 NVs@cGAMP was significantly superior to that observed with high
doses of cGAMP and aPD-L1 NVs (Fig. 5i and Supplementary Fig. 15). In
addition, aPD-L1 NVs@cGAMP causedmore damage to tumor tissue as
demonstrated by TUNEL staining of tumor tissue sections (Supple-
mentary Fig. 16). Survival curve analysis further supported these
findings, showing a significant increase in survival formice treatedwith
aPD-L1 NVs@cGAMP (Fig. 5m). Collectively, these results validate the
capacity of aPD-L1 NVs@cGAMP to reverse immunosuppressive tumor
microenvironments and inhibit metastatic growth in vivo.

Enhancement of the antitumor capacity of CAR-T cells by aPD-L1
NVs@cGAMP
Having confirmed the ability of aPD-L1 NVs@cGAMP to remodel the
immunosuppressive tumor microenvironment, we next investigated
whether this remodeling could enhance CAR-T cell efficacy against
metastatic lung cancer in vivo. We established LLC-MSLN orthotopic
lung cancer and B16-MSLN lungmetastasis mouse models and treated
the tumor-bearing mice with different regimens (Fig. 6a). The IVIS
imaging system results showed universal suppression of tumor pro-
gression in all treated groups compared to the control (PBS-treated)
group (Fig. 6b, c). Notably, the group treated with a combination of
CAR-T cells and inhaled aPD-L1 NVs@cGAMP—referred to as the CAR-T
+NVs@cGAMP (inh.) group—exhibited negligible fluorescence signals
in both tumor models, indicating almost complete tumor eradication.
In contrast, monotherapies with either CAR-T cells or aPD-L1
NVs@cGAMP achieved only partial tumor growth inhibition. Interest-
ingly, the group treated with CAR-T cells and intravenously adminis-
tered aPD-L1 NVs@cGAMP did not effectively inhibit tumor
progression, suggesting that localized aerosol inhalation delivery of
aPD-L1 NVs@cGAMP directly to the lung tissues is crucial for its opti-
mal anti-tumor efficacy. After 14 days of treatment, the mice were
sacrificed, and their lung tissues were collected and sectioned for
pathological examination. Histopathology analysis revealed that mice
in the CAR-T+NVs@cGAMP (inh.) group had minimal pathological
alterations in lung tissues across both tumor models, whereas sig-
nificant pathological changes persisted in the lungs of mice treated
with either CAR-T cells alone or NVs@cGAMP alone (Fig. 6d). Parti-
cularly in the B16-MSLN metastatic lung cancer model, obvious lung

metastaseswere observed in the lung tissues ofmice treatedwithCAR-
T cells or aPD-L1 NVs@cGAMP alone, while lung metastases were
minimal in the CAR-T+NVs@cGAMP (inh.) group (Supplementary
Fig. 17). Throughout the observation period, mice in the PBS group
experienced significant weight loss due to tumor-induced cachexia,
while those in the CAR-T+NVs@cGAMP group experienced gradual
weight gain (Fig. 6e). Crucially, survival analysis revealed that mice in
the CAR-T+NVs@cGAMP group achieved 100% survival on day 50
posttreatment, in stark contrast to the completemortality observed in
the other groups (Fig. 6f). This finding underscores the potential of
CAR-T+NVs@cGAMP for significantly enhancing the survival of tumor-
bearing mice.

Next, we evaluated the safety of combined therapy with CAR-T
cells and aPD-L1 NVs@cGAMP in healthy C57BL/6 mice. After the
administration of PBS or the combined treatment to the mice, blood
samples were collected for biochemical analysis. Aspartate amino-
transferase (AST), alanine aminotransferase (ALP) and alanine amino-
transferase (ALT) are indicators of liver function in mice, while blood
urea nitrogen (BUN) and creatinine (CR) are indicators of kidney
function in mice. Serum proteins and liposomes were also analyzed.
The results showed that the levels of these biochemical indicators in
the combined treatment group were not significantly different from
those in the PBS group (Fig. 6g and Supplementary Fig. 18). In addition,
histomorphological changes in the major organs of the mice after
combined treatment were also observed. Hematoxylin and eosin
(H&E) staining revealed no significant pathological morphological
changes in themajor organs of themice after the combined treatment
(Fig. 6h). These results suggest that combined treatment with CAR-T
cells and aPD-L1 NVs@cGAMP has a favorable safety profile.

\Changes in the tumor microenvironment after CAR-T+
NVs@cGAMP treatment
To elucidate the underlying mechanisms driving the potent antitumor
efficacy of CAR-T+NVs@cGAMP, we investigated the proliferative
capacity and cellular activity of CAR-T cells and the resulting changes
in the tumor microenvironment. To track the proliferation of CAR-T
cells in a live setting, we generated MSLN CAR-T cells expressing
luciferase. IVIS analysis revealed that CAR-T cells in the CAR-T
+NVs@cGAMP (inh.) group exhibited a significantly increased pro-
liferation rate comparedwith those receivingCAR-T cell therapy alone,
suggesting that aPD-L1 NVs@cGAMP significantly enhancedCAR-T cell
proliferation in vivo (Fig. 7a). Analysis of thepercentages ofCAR-T cells
in peripheral blood at different time points demonstrated that in the
CAR-T + NVs@cGAMP (inh.) group, CAR-T cells accounted for up to
13.8% of T cells 14 days post-injection, followed by a gradual decline. In
contrast, in the CAR-T group, the percentage of CAR-T cells peaked at
only 3% after 7 days post-injection and then rapidly decreased (Sup-
plementary Fig. 19). This indicates that NVs@cGAMP inhalation sig-
nificantly prolongs the persistenceof CAR-T cells in vivo. Furthermore,
confocal microscopy was employed to detect CAR-T cells in the lungs
and spleens of mice from different treatment groups. The results
demonstrated that the density of CAR-T cells in the lung tumor tissues
and spleens of the CAR-T +NVs@cGAMP (inh.) groupwas substantially

Fig. 5 | Remodeling of the tumor microenvironment and inhibition of tumor
growth by aPD-L1 NVs@cGAMP. aChanges in the gene expression levels of IFN-β,
CXCL9, CXCL10, and PD-L1 in tumor tissues of LLC-MSLN tumor-bearingmice after
inhalation of the different agents (n = 4 mice). (b-d) Representative flow cytometry
plots and statistical analysis of (b) CD8+ T cells and CD4+ T cells, (c) Treg cells and
(d) MDSCs within the TME across various treatment groups (n = 4 mice).
e, f Representative flow cytometry plots and statistical analysis of T cell exhaustion
markers (PD-1, TIM-3, LAG-3, TIGIT) on T cells across different treatment groups by
flowcytometry (n = 4mice).g,hRepresentative flowcytometryplots and statistical
analysis of Th1, Th2, and Th17 cells within the TME across different treatment
groups (n = 4 mice). i, j Representative flow cytometry plots and statistical analysis

of naïve T cells, central memory T cells (TCM), and effector memory T cells (TEM)
within the TME across different treatment groups (n = 4mice). k Concentrations of
IL-6, TNF-α, IFN-γ and IFN-β in the lung tissue and serum ofmice after inhalation of
different agents (n = 4 mice). l Bioluminescence measured by an IVIS system for
assessment of tumor growth after administration of different agents to tumor-
bearing mice. m Survival curves of tumor-bearing mice treated with different
agents (n = 10 mice). All data are presented as the mean ± S.D. The p values were
determinedby one-way ANOVAwithTukey’s post-test for (a–d), (f), (h–i) and (j); by
two-tailed Student’s t test for (k); and by log rank (Mantel-Cox) test for (m). Source
data underlying a–d, f, h, i, k, m are provided as a Source Data file.
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higher than that in the CAR-T and CAR-T+ NVs@cGAMP (i.v.) groups
(Supplementary Fig. 20). Quantitative PCR (qPCR) analysis for DNA
quantification of CAR-T cells in tumor tissues further confirmed these
findings, revealing greater infiltration of CAR-T cells into the tumor
milieu in the CAR-T+NVs@cGAMP group (Supplementary Fig. 21).
Previous studies have indicated that STING agonists can improve T cell
infiltration by activating the STINGpathway, counteracting endothelial
dysfunction53. However, STING agonists may also induce high PD-L1
expression on tumor vasculature, promoting CAR-T cell exhaustion55.
Therefore, we examined PD-L1 expression on lung tumor vasculature
using confocal microscopy. The results showed that the free cGAMP
treatment group induced high expression of PD-L1 on tumor vascu-
lature, whereas only minimal PD-L1 expression was detected in the
CAR-T + NVs@cGAMP (inh.) group (Supplementary Fig. 22). This

suggests that the anti-PD-L1 scFv on the surface of NVs@cGAMP
effectively blocked the PD-L1 induced by the STING agonist.

To elucidate the impact of CAR-T+NVs@cGAMP (inh.) on the
tumor microenvironment, we analyzed alterations in immune cell
populations within the tumor milieu using flow cytometry. Flow
cytometry results revealed that the ratio of CD8⁺/CD4⁺ T cells in the
CAR-T + NVs@cGAMP (inh.) group was significantly higher than in
other treatment groups (Fig. 7b). An elevated CD8⁺ T cell population is
advantageous for antitumor immune responses, as CD8⁺ cytotoxic T
lymphocytes are key effectors in tumor cell killing. Given that gran-
zymeB is a key cytotoxic effector in T cell-mediated tumor cell lysis, we
quantified the frequency of granzyme B-expressing CD8+ T cells in
tumor tissues. Compared to the groups treated with CAR-T cells or
aPD-L1 NVs@cGAMP alone, the CAR-T+NVs@cGAMP (inh.) group

Fig. 6 | Enhancement of the antitumor capacity of CAR-T cells by aPD-L1
NVs@cGAMP. a Schematic illustration of aPD-L1 NVs@cGAMP augmenting CAR-T
cell anti-tumor efficacy. i.v.: Intravenous, inh.: Inhalation, IVIS: In vivo imaging
system, AM: Ante meridiem, PM: Post meridiem. b, c Bioluminescence was mea-
sured by the IVIS system to evaluate tumor growth in the different treatment
groups, and the bioluminescence intensity was statistically analyzed (n = 4 mice).
d Representative images of H&E-stained sections from LLC-MSLN and B16-MSLN
tumor-bearingmice in various treatment groups (n = 4mice). eBodyweight change
curves of mice treated with different agents in both tumor models (n = 4 mice).

f Survival curves ofmice treatedwith different agents in both tumormodels (n = 10
mice). g Serum biochemical indices of mice receiving PBS or combined treatment
with CAR-T cells and aPD-L1 NVs@cGAMP (n = 4 mice). h Representative lung
images and H&E-stained sections of mice receiving PBS or combined treatment
with CAR-T cells and aPD-L1 NVs@cGAMP. Scale bar: 100 μm. All the data are
presented as the mean ± S.D. The p values were determined by two-way ANOVA
with Tukey’s post-test for (c) and (e); and by log rank (Mantel-Cox) test for (f).
Source data underlying c, e–g are provided as a Source Data file.
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Fig. 7 | Changes in the tumor microenvironment after CAR-T +NVs@cGAMP
treatment. a To assess the proliferation of CAR-T cells in different treatment
groups, bioluminescence intensity was measured by IVIS at different time points
after the injection of CAR-T cells expressing luciferase. b, c Representative flow
cytometry plots and statistical analysis of (b) CD8+ T cells and CD4+ T cells and (c)
infiltrating granzyme B-expressing CD8+ T cells within the TME across various
treatment groups (n = 4 mice). d, e Representative flow cytometry plots and sta-
tistical analysis of T cell exhaustion markers (PD-1, TIM-3, LAG-3, TIGIT) on CAR-T
within the TME across various treatment groups (n = 4mice). f Representative flow
cytometry plots and statistical analysis of Th1, Th2 and Th17 within the TME across

various treatment groups (n = 4 mice). g Representative flow cytometry plots and
statistical analysis of M1-type and M2-type macrophages within the TME across
various treatment groups (n = 4 mice). h Representative flow cytometry plots and
statistical analysis of Tregs, MDSCs and mature DCs within the TME across various
treatment groups (n = 4mice). i Representative flow cytometry plots and statistical
analysis of naïve T cells, central memory T cells (TCM), and effector memory T cells
(TEM) within the CAR-T cell population in the TME across different treatment
groups (n = 4 mice). All the data are expressed as mean ± S.D. The p values were
determined by one-way ANOVA with Tukey’s post-test for (b, c) and (e–i). Source
data underlying b, c, e–i are provided as a Source Data file.
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exhibited increased infiltration of granzyme B-expressing CD8+ T cells
into the tumor tissue (Fig. 7c). Additionally, CAR-T+NVs@cGAMP (inh.)
treatment induced higher levels of CD69 expression in T cells (Sup-
plementary Fig. 23), signifying greater T cell activation. Activation of
CAR-T cells byNVs@cGAMP inevitably induces the expression of T cell
exhaustion markers. However, it is noteworthy that compared to
inhalation of liposomes loaded with STING agonists, inhalation of

NVs@cGAMP induced lower expression levels of CAR-T cell exhaus-
tion markers (Fig. 7d, e). This suggests that NVs@cGAMP may mini-
mize exhaustion while promoting activation.

Moreover, the CAR-T + NVs@cGAMP (inh.) group upregulated
Th1 and Th17 cells in the TME while downregulating Th2 cells (Fig. 7f).
Th1 and Th17 cells are associated with proinflammatory and antitumor
responses, whereas Th2 cells are linked to anti-inflammatory and

Article https://doi.org/10.1038/s41467-024-55751-4

Nature Communications |          (2025) 16:262 12

www.nature.com/naturecommunications


tumor-promoting activities60. This shift in the Th1/Th2 balance is
conducive to enhancing the antitumor capacity of CAR-T cells. Con-
sidering the crucial roles of macrophages in immune regulation, we
investigated their proportions in tumor tissues. Flow cytometry
revealed that the CAR-T+NVs@cGAMP and aPD-L1 NVs@cGAMP
groups had a significant increase in M1-type (pro-inflammatory) mac-
rophages and a decrease in M2-type (anti-inflammatory)macrophages
compared to the CAR-T cell group (Fig. 7g). This shift in the M1/M2
ratio contributes to a more pro-inflammatory and antitumor micro-
environment. Furthermore, we performed immunohistochemical
analysis to assess the expression of inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2) in tumor tissues (Supplemen-
tary Fig. 24). iNOS is predominantly expressedbyM1macrophages and
plays a critical role in antitumor immunity by producing nitric oxide
(NO). Conversely, high expressionof COX-2 can promote angiogenesis
by increasing prostaglandin levels, thereby enhancing the invasiveness
of tumor cells. Immunohistochemical results showed that the combi-
nation of CAR-T and NVs@cGAMP (inh.) effectively increased the
expression of iNOS in tumor tissues while reducing the expression of
COX-2.

In addition, we examined the populations of regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs) within the
tumor tissue. These cell types are known to inhibit T cell-mediated
antitumor responses and promote immune evasion of tumor cells by
secreting anti-inflammatory cytokines and angiogenic factors. Flow
cytometry analyses revealed that CAR-T+NVs@cGAMP (inh.) sig-
nificantly reduced the proportions of Tregs and MDSCs in the tumor
microenvironment (Fig. 7h), indicating that this treatment effectively
inhibited the accumulation of immunosuppressive cells at tumor
sites. Furthermore, the ability of CAR-T+NVs@cGAMP (inh.) to pro-
mote DC maturation in tumor tissues was evaluated by assessing the
expression of CD80 and CD86 on DC surfaces. The flow cytometry
results indicated that CAR-T+NVs@cGAMP (inh.) and aPD-L1
NVs@cGAMP were more efficient at inducing DC maturation than
CAR-T cells alone (Fig. 7h). To assess the effect of upregulated CD80
and CD86 on mature DCs in activating CAR-T cells and enhancing
their long-term antitumor function, we used anti-CD80 and anti-
CD86 antibodies to block thesemolecules on the surface of DCs. The
results showed that, compared with the CAR-T + NVs@cGAMP (inh.)
treatment group without antibody blockade, the expression of CD69
on CAR-T cells in the group receiving both anti-CD80 and anti-CD86
antibodies was significantly reduced (Supplementary Fig. 25), indi-
cating that the blockade of CD80 and CD86 weakened CAR-T cell
activation. Additionally, the proportions of central memory (TCM)
and effectormemory (TEM) CAR-T cells were significantly lower in the
antibody-blocked group (Fig. 7i), suggesting adverse effects on
immunememory formation and long-term antitumor capacity. These
results underscore the importance of NVs@cGAMP-induced mature
DCs in enhancing CAR-T cell activation and sustaining their anti-
tumor activity. Importantly, the proportions of TCM and TEM among
CAR-T cells in the CAR-T + NVs@cGAMP (inh.) group were

significantly higher than those in the CAR-T group and the CAR-T +
NVs@cGAMP (i.v.) group (Fig. 7i), indicating that NVs@cGAMP (inh.)
may help promote the long-term memory immunity of CAR-T cells.

Finally, we investigated the modulation of cytokine levels within
the tumor tissue, as these soluble factors play a key role in orches-
trating the immune response. Using ELISA, we observed that CAR-T
+NVs@cGAMP significantly increased the levels of IL-1β, IL-6, IL-7, IL-
12, IL-15, and TGF-α in the tumor milieu (Supplementary Fig. 26).
These cytokines are known to enhance the activity of immune cells
within tumors and promote the formation of long-lasting T-cell
memory. Conversely, the levels of the immunosuppressive cytokine
IL-10 and TGF-β (Supplementary Fig. 26), which promotes tumor cell
escape from immune surveillance, were significantly reduced after
CAR-T+NVs@cGAMP treatment. Taken together, these results
demonstrate that aPD-L1 NVs@cGAMP can effectively reverse the
immunosuppressive tumor microenvironment, rendering it proin-
flammatory and conducive to CAR-T cell proliferation and function.

Inhibitionof tumor recurrenceby combined therapywithCAR-T
cells and aPD-L1 NVs@cGAMP
The issue of tumor relapse after initial clinical remission poses a for-
midable challenge to the efficacy of CAR-T cell therapies. To address
this issue, we used murine models of tumor relapse to evaluate the
ability of CAR-T+NVs@cGAMP to prevent tumor relapse. After tumor
eradication with CAR-T +NVs@cGAMP, the cured mice were rechal-
lenged to simulate tumor relapse. Specifically, LLC (or LLC-MSLN) cells
and B16 (or B16-MSLN) cells were reintroduced into these mice via
orthotopic and tail vein injections, respectively (Fig. 8a). As a control,
naive mice without any treatment received the same treatment. IVIS
analysis revealed thatmice treatedwith CAR-T + NVs@cGAMP showed
nodetectablefluorescence signals upon re-injectionwith LLC-MSLNor
B16-MSLN cells, indicating effective resistance against tumor cells
harboring identical antigens (Fig. 8b). Although the reinjected LLC
cells were not completely eliminated, the proliferation of LLC cells was
markedly reduced in the CAR-T+NVs@cGAMP-treated mice. A similar
phenomenon was observed in the B16 tumor relapse model. This
resistance to LLCorB16 cells inCAR-T+NVs@cGAMP-curedmice could
be attributed to an enhanced epitope spreading phenomenon,
whereby CAR-T cell-mediated lysis of tumor cells release a variety of
neoantigens61. These cells are subsequently processed by antigen-
presenting cells and presented to CAR-T cells, thereby enhancing CAR-
T cell immune memory. Rechallenge with LLC or B16 cells promoted
rapid proliferation of immune-memory CAR-T cells, thereby inhibiting
the growth of B16 tumors in vivo. To further investigate whether CAR-
T +NVs@cGAMP treatment induces epitope spreading, we established
an LLC-MSLN-OVA tumor-bearing mouse model and implemented the
same treatment regimen12,47,54. In this model, ovalbumin (OVA₂₅₇–₂₆₄,
SIINFEKL peptide) was introduced as a bystander antigen not targeted
by MSLN-specific CAR-T cells. Fourteen days post-treatment, CD8⁺
T cells were isolated from the spleens of mice for flow cytometric
analysis. Mice treated with CAR-T + NVs@cGAMP exhibited a

Fig. 8 | Inhibition of tumor recurrence by combined therapy with CAR-T cells
and NVs@cGAMP. a Schematic illustration of the experimental design for evalu-
ating anti-recurrence efficacy of MSLN CAR-T cells combined with NVs@cGAMP in
LLC-MSLN and B16-MSLN tumor-bearing mice. b Both naive mice and those cured
by combination therapywere re-challengedwith either parental tumor cells (LLCor
B16) or their MSLN-expressing counterparts (LLC-MSLN or B16-MSLN). Biolumi-
nescence intensity wasmeasured using the IVIS system to assess tumor recurrence
(n = 4 mice). c In LLC-MSLN-OVA tumor-bearing mice, OVA(SIINFEKL)-specific CD8+

T cells in the spleen were quantified by flow cytometry after various treatments.
d Following OVA peptide stimulation, the frequency of IFN-γ–producing CD8+

T cells was evaluated by flow cytometry. e Survival curves were generated for naive
mice and cured mice after intravenous re-inoculation with either parental (LLC or
B16) or MSLN-expressing tumor cells (LLC-MSLN or B16-MSLN) in both models

(n = 10mice). f A schematic illustrates the evaluation of resistance to ectopic tumor
recurrence. g In both models, naive mice and cured mice were subcutaneously re-
inoculated in the groin with either parental or MSLN-expressing tumor cells, and
recurrence was tracked by IVIS imaging (n = 4 mice). h Tumor volumes were
measured following subcutaneous rechallenge with LLC or LLC-MSLN cells (LLC
model) and B16 or B16-MSLN cells (B16 model) (n = 4 mice). Data represent the
mean ± SD. i Survival curves of naive mice and mice cured by combined therapy
after subcutaneous inoculation of either the parental tumor cells (LLC or B16) or
their MSLN-expressing counterparts (LLC-MSLN or B16-MSLN) in both tumor
models (n = 10mice). i.v.: Intravenous, inh.: Inhalation, IVIS: In vivo imaging system,
AM: Ante meridiem, PM: Post meridiem. The p values were determined by one-way
ANOVA with Tukey’s post-test for (h); and by log rank (Mantel-Cox) test for (e) and
(i). Source data underlying e, h, i are provided as a Source Data file.
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significantly increased frequency of OVA-specific (SIINFEKL-directed)
CD8⁺ T cells compared to other treatment groups (Fig. 8c and Sup-
plementary Fig. 27a). Additionally, upon in vitro stimulation of splenic
CD8⁺ T cells with the OVA₍₂₅₇–₂₆₄₎ peptide, a higher proportion of IFN-
γ⁺ CD8⁺ T cells was observed in the CAR-T + NVs@cGAMP-treated
group (Fig. 8d and Supplementary Fig. 27b). These results suggest that
CAR-T + NVs@cGAMP treatment promoted epitope spreading to non-
MSLN antigens, thereby broadening the antitumor immune response.
Survival curve analysis further supported these findings. In the LLC
tumor relapse model, the survival rates of cured mice re-challenged
with LLC-MSLN and LLC cells were 100% and 20%, respectively,
within a period of 50 days. Similarly, in the B16 melanoma relapse
model, survival rates were 100% for B16-MSLN and 60% for B16
cells (Fig. 8e).

Furthermore, we investigated whether combined treatment with
CAR-T cells and aPD-L1 NVs@cGAMP inhibited ectopic tumor
recurrence. After tumor eradication by CAR-T+NVs@cGAMP, ectopic
tumor recurrence wasmimicked by injecting LLC (or LLC-MSLN) cells
and B16 (or B16-MSLN) cells into the inguinal region of cured mice
from the LLC and B16 tumor models, respectively (Fig. 8f). Naive
mice were used to control and received the same treatment. The IVIS
results showed that the growth of LLC-MSLN cells in the groin was
completely suppressed in the CAR-T+NVs@cGAMP-treated mice
(Fig. 8g), indicating that CAR-T+NVs@cGAMP induced a systemic
memory antitumor immune response. Similarly, the growth rate of
LLC cells in the inguinal region was significantly lower in CAR-T
+NVs@cGAMP-cured mice than in control mice, although the injec-
ted LLC cells were not completely eliminated. Consistent results were
observed in the B16 tumor relapse model. Tumor volume measure-
ments further confirmed that CAR-T + NVs@cGAMP treatment
effectively inhibited the growth of both MSLN-positive and MSLN-
negative tumor cells in the inguinal region across both models
(Fig. 8h and Supplementary Fig. 28). Importantly, survival curve
analysis revealed that compared with control mice, CAR-T
+NVs@cGAMP-treated mice had a better survival rate in the ectopic
recurrent tumor model (Fig. 8i). Furthermore, analysis of CAR-T cell
proportions in peripheral blood at different time points revealed
significant expansion of CAR-T cells in cured mice challenged with
MSLN-overexpressing tumor cells in both models (Supplementary
Figs. 29-30). This expansion contributed to the efficient clearance of
the injected tumor cells. In contrast, cured mice challenged with
parental tumor cells did not exhibit notable CAR-T cell expansion.

These results not only confirmed that CAR-T+NVs@cGAMP
reversed the tumor microenvironment, but also highlighted its role in
inducing epitope spreading in mouse tumor models. However, con-
sidering that the B16 and LLC models are quite different from human
tumor patients in terms of tumor heterogeneity and tumor micro-
environment, subsequent validation of these results in more complex
models is needed,which is crucial for the futureuseofNVs@cGAMP to
prevent tumor recurrence and improve the efficacy of CAR-T cell
therapy62–65.

Discussion
In this study, we aimed to address the dilemma of poor CAR-T cell
efficacy against solid tumors by reversing the immunosuppressive
tumor microenvironment into a tumor microenvironment favorable
for CAR-T cell survival. To this end, we designed aPD-L1 NVs@cGAMP
to deliver STING agonists to the lungs. Our results demonstrated that
inhaled aPD-L1 NVs@cGAMP targeted STING agonist delivery to the
lungs of tumor-bearingmice and induced the release of type I IFNs and
chemokines, which in turn increased the infiltration of proin-
flammatory immune cells into tumor tissues. Importantly, the anti-PD-
L1 scFv on the surface of aPD-L1 NVs@cGAMP effectively blocked the
STING agonist-induced high expression of PD-L1 on the tumor surface,
thereby preventing CAR-T cell exhaustion. In a mouse model of

metastatic lung cancer, CAR-T+NVs@cGAMP not only eradicated
established metastatic lung cancer in vivo, but also inhibited the
growth of reinjected tumor cells. Thus, aPD-L1 NVs@cGAMP can
effectively reverse the immunosuppressive tumor microenvironment
and enhance the efficacy of CAR-T cells against solid tumors.

Compared to direct genetic modification of CAR-T cells, enhan-
cing the efficacy of CAR-T cells by remodeling the tumor micro-
environmentwith engineered nanovesicles has unique advantages.We
and other teams have previously effectively enhanced the antitumor
efficacy of CAR-T cells against solid tumors by engineering CAR-T cells
with autocrine antibodies or cytokines3,66,67. However, we found that
these additional modified genes not only reduce the expression effi-
ciency of CAR proteins, but also may increase the burden of CAR-T
cells, which is not conducive to maintaining the long-term activity of
CAR-T cells. In addition, although enabling CAR-T cells to directly
express pro-inflammatory cytokines can effectively enhance the
activity of CAR-T cells, this sustained cytokine expression could lead to
an uncontrollable cytokine storm and contribute to the rapid
exhaustion of CAR-T cells68–70. In contrast, the present study utilized
the strategy of engineered nanovesicles to modulate the tumor
microenvironment and CAR-T cell activity, which was beneficial for
maintaining a high CAR protein expression rate and T cell activity.
Importantly, in future clinical applications, these engineered nanove-
sicles can be administered according to the activity of CAR-T cells
in vivo, which in turn can precisely regulate CAR-T cell activity in real
time and avoid uncontrollable cytokine storms. Thus, this strategy
effectively balances CAR-T cell killing efficacy and safety.

When STING agonists are used to remodel the tumor micro-
environment, a good delivery vehicle and route of administration will
help them perform optimally. Although a number of STING agonists
with potent immune-activating potency have been developed, there
are still a number of challenges to their use in clinical trials55,71–73. First,
because these free STING agonists still suffer from short half-lives, low
cell permeability and poor tissue retention, high doses of STING ago-
nists typically need to be administered intravenously to induce suffi-
ciently potent antitumor immune responses. However, high
concentrations of STING agonists tend to induce systemic inflamma-
tion. Although intratumoral injection can partially reduce the occur-
renceof excessive inflammation, rapid extravasationof STINGagonists
can still induce excessive activation of lymphocytes in organs such as
the spleen55. In addition, intratumoral administration is not applicable
to deep-seated tumors such as those of the lung. Second, due to the
lack of targeting of STING agonists, high doses of STING may induce
immune ablation characterized by progressive T-cell deficiency73.
Finally, high levels of type I IFN induced by STING agonists tend to
induce tumor cells to overexpress PD-L1, which in turn evades T cell
killing71. To overcome these challenges, this study used nanovesicles
expressing anti-PD-L1 scFvs to deliver STING agonists. Extracellular
vesicles have been shown to be natural mediators that can deliver
tumor cell-derived dsDNA to APCs to activate immune surveillance in
tumor tissues49,50. Nanovesicles, as a kind of engineered cellular vesi-
cles, not only inherit the advantages of natural extracellular vesicles
with good biocompatibility, but also have the characteristics of high
yield and easy modification74,75. Our results demonstrated that inhaled
aPD-L1 NVs@cGAMP could rapidly accumulate in lung tissues and be
taken up by tumor cells and DCs, and the presence of nanovesicles
could still be detected in lung tissues 48 h after administration. These
results suggest that nebulized delivery of aPD-L1 NVs@cGAMP effec-
tively overcomes the problemsof low cell permeability and poor tissue
retention of STING agonists, and can activate the body’s antitumor
immune response at a low dose of STING agonists. Therefore, aPD-L1
NVs@cGAMP reduces the nonspecific uptake of STING agonists by
T cells to a certain extent, and avoids T cell exhaustion caused by T cell
uptake of high doses of STING agonists. However, it should be noted
that nanovesicles as delivery vehicles also have their inherent
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biophysical limitations51,76,77. For instance, the negative charge on the
surface of nanovesicles may weaken their fusion with cell mem-
branes. Additionally, challenges such as non-specific distribution
during administration, inability to precisely release drugs, and
clearance by the reticuloendothelial system (RES) need to be further
addressed. In addition, aPD-L1 NVs@cGAMP required only 2% of the
free STING agonist to induce a strong inflammatory immune
response in tumor tissue and did not induce a systemic inflammatory
response. However, it is important to acknowledge that the drug
loading and encapsulation efficiencies of cGAMP in this study were
relatively low. To improve the clinical translation and manufacturing
feasibility of aPD-L1 NVs@cGAMP, further optimization of the drug
loading conditions is necessary—such as increasing the concentra-
tion of cGAMP, altering the loading method, or adding fusion
agents78,79. Importantly, the results demonstrated that aPD-L1
NVs@cGAMP effectively blocked the high expression of PD-L1 in
tumor cells, thereby effectively preventing CAR-T cell exhaustion in
tumor tissues. Thus, the strategy of delivering STING agonists using
aPD-L1 NVs considerably improved the ability of STING agonists to
remodel the tumor microenvironment.

However, many challenges remain to be overcome before aPD-L1
NVs@cGAMP can be used as an enhancer of CAR-T cells for clinical
treatment. First, although this study has preliminarily investigated the
biodistribution of aPD-L1NVs@cGAMPafter administration in amouse
model, comprehensive pharmacokinetic analyses in large mammals
need to be further evaluated. Second, precise administration of aPD-L1
NVs@cGAMP based on the real-time activity of CAR-T cells was not
performed in this study, and further optimization of the administra-
tion time anddoseof aPD-L1NVs@cGAMP is needed to achieveprecise
regulation of CAR-T cell activity. Finally, although the preliminary
evaluation of CAR-T+NVs@cGAMP in this study revealed a favorable
safety profile, the long-term effects of CAR-T+NVs@cGAMP on the
immune system need to be further evaluated.

In conclusion, this study established a strategy to remodel the
lung tumormicroenvironment by inhalation of aPD-L1 NVs@cGAMP to
enhance the efficacy of CAR-T cells against solid tumors. This strategy
effectively balances the efficacy and safety of STING agonists in
remodeling the tumormicroenvironment, which in turn achieves long-
term, mild enhancement of CAR-T cell activity. Therefore, aPD-L1
NVs@cGAMP is expected to serve as a potent CAR-T cell enhancer to
help CAR-T cells break through the inhibition of the tumor micro-
environment and dramatically increase the killing efficacy of CAR-T
cells against lung tumors.

Methods
Ethical statement
Our study was conducted in strict accordance with all relevant ethical
standards and institutional guidelines. All animal experimental proto-
cols were carried out in compliance with the Guide for the Care and
Use of Laboratory Animals and received approval from the Animal
Care and Use Committee of the Fifth Affiliated Hospital of Sun Yat-sen
University. Female C57BL/6 mice (4–6 weeks old) were obtained from
the Guangdong Medical Laboratory Animal Center. The mice were
housed in an environmentmaintained at approximately 25 °Cwith 50%
relative humidity and subjected to a 12-hour light-dark cycle. They had
free access to standard laboratory chow and water. For the in situ and
metastatic lung cancer models, no specific maximum tumor size was
imposed, provided that animals were euthanized as soon as they
reached a predetermined humane endpoint, thus prioritizing their
welfare. In contrast, for the subcutaneous tumor model, a strict upper
limit of 2000 mm³ was set on tumor volume. No animal in this study
exceeded that limit. Euthanasia was performed via cervical dislocation
under deep anesthesia. Sex was not explicitly considered in our study
design for animal experiments due to lung cancer affecting people of
the male and female sex.

Cells and plasmids
293T (human embryonic kidney cell line), LLC (Lewis lung carcinoma)
andB16-F10 (mousemelanoma) cells werepurchased fromATCC, PC-9
(lung adenocarcinoma) were supplied by the Chinese Academy of
Sciences. and all three cell lines were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (FBS, Invitrogen). Nucleotide sequences
encoding anti-PD-L1 scFv and MSLN were synthesized by BGI (Beijing,
China) and cloned and inserted into the pCDH-CMV-P2A-EGFP-EF1a-
Puro and pCDH-CMV-P2A-fLuc-EF1a-Puro vectors, respectively. The
resulting target plasmids were mixed with the helper plasmids pMD2.
G (12259; Addgene) and psPAX2 (12260; Addgene) at a 4:1:3 ratio and
co-transfected into 293 T cells with polyethyleneimine (PEI) to obtain
lentiviruses encoding anti-PD-L1 scFv and MSLN. After infecting
293T cells with the lentivirus encoding anti-PD-L1 scFv and selecting
with puromycin, we obtained 293 T cells stably expressing anti-PD-L1
scFv (designated as aPD-L1 293 T). Similarly, LLC and B16 cells were
infected with the lentivirus encoding MSLN and selected with pur-
omycin to generate LLC-MSLN andB16-MSLN cells, respectively, which
stably express MSLN. LLC cells stably expressing both MSLN and
ovalbumin (OVA) were obtained using a similar method and desig-
nated LLC-MSLN-OVA cells.

Preparation and characteristics of MSLN CAR-T cells
MSLN CAR-T cells were prepared following previous reports40. Briefly,
the nucleotide sequence encoding anti-human MSLN-scFv was syn-
thesized by BGI and cloned and inserted into the pLV-EF1a-MYC-EGFP
vector to obtain the pLV-MSLN CAR plasmid. The pLV-MSLN CAR was
mixed with the helper plasmids pMD2. G and psPAX2 at a 4:1:3 ratio
and co-transfected with PEI into 293 T cells to obtain the CAR
lentivirus.

T cells isolated from mouse spleens were cultured in serum-free
cell culture medium (Basso Cell Technology Co., Ltd., Zhuhai, China)
supplemented with 5% FBS and 150U/mL recombinant IL-2 (Pepro-
Tech) and activated using anti-CD28 and anti-CD3 monoclonal anti-
bodies (PeproTech, USA). The next day, the prepared CAR lentivirus
was transfected into T cells to obtain MSLN CAR-T cells. MOCK-T cells
were obtained using the same preparation method. The expression
efficiency of the CAR protein on T cells was analyzed by flow
cytometry80. Specifically, T cells transduced for 7 days were washed
with PBS and resuspended. We then incubated 1×106 cells with 1μL of
Protein L (1mg/mL) at 4°C for 30minutes. Protein L binds specifically
to the kappa light chain of the scFv region in the CAR construct,
enabling the detection of CAR expression. After incubation, the cells
werewashed three timeswith PBS containing 1%bovine serumalbumin
(BSA). The samples were then stained with PE-conjugated streptavidin
(BioLegend, SanDiego,CA,USA) andwashed threemore times. Finally,
the cells were analyzed using a CytoFLEX LX flow cytometer (Beckman
Coulter, Atlanta, GA, USA). To determine the ability of MSLN CAR-T
cells to target B16-MSLN cells, MSLN CAR-T cells orMOCK-T cells were
co-incubated with B16-MSLN cells at different potency-to-target ratios
(0.5, 1, 2 and 5), and then, confocal microscopy was used to visualize
the lysis of B16-MSLN cells. In addition, the killing efficiency of CAR-T
cells against B16-MSLN and PC-9 cells was assessed using an LDH kit
(Promega, UK) according to the manufacturer’s instructions.

Preparation of aPD-L1 NVs@cGAMP
aPD-L1 NVs were prepared from aPD-L1 293 T cells37. Briefly, after PBS-
washed aPD-L1 293 T cells were resuspended in hypotonic lysis buffer
(1mM NaHCO3, 0.2mM EDTA and 1mM PMSF) and lysed for 12 h at
4°C, the lysed cells were ground at least 20 times using a Dounce
homogenizer. The ground mixture was centrifuged at 2,000×g for
5min to remove large amounts of cellular debris, the collected
supernatant was centrifuged at 10,000 × g for 30min to remove the
precipitate, and finally, the collected supernatant was centrifuged at
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100,000 × g for 90min to obtain a gray‒white cell membrane pre-
cipitate. The aPD-L1 NVs were obtained by sequentially passing the
obtained cell membranes through 800nm and 200 nm polycarbonate
membranes using an extruder (Avanti Polar Lipids). The protein con-
centration of the PD-L1 NVs was quantified using a BCA protein kit.

The morphology and size of the aPD-L1 NVs were visualized by
transmission electron microscopy. Briefly, 15μL of nanovesicles
resuspended in PBS were dropped onto a copper grid and negatively
stained with 2% dicumyl acetate. After air drying, the samples were
scanned with a transmission electron microscope (JM-1400; JEOL,
Japan) at 120 kV. Theparticle concentration and size distributionof the
aPD-L1 NVs weremeasured using a NanoSight NS300 system (Malvern
Instruments Company, UK), and the data were analyzed using NTA
3.1 software. The zeta potential of the aPD-L1 NVs was detected using
DLS (ZEN 3600 Zetasizer, Malvern).

The loading of aPD-L1 NVs on STING agonists and the quantifica-
tion of STING agonists were performed according to previously pub-
lished literature. Briefly, after mixing 1, 2, 4, 8, and 16mM cGAMP
(InvivoGen) with aPD-L1 NVs and co-incubating at 37°C for 24 h, the
nanovesicles were centrifuged at 100,000 × g for 60min using an
Optima XE-100 (Beckman) to obtain concentrated nanovesicles. The
obtained nanovesicle precipitates were washed once with PBS, resus-
pended in PBS, and stored at −80 °C.

Characterization of anti-PD-L1 scFv expression in aPD-L1
293 T cells and nanovesicles
In this study, we employed Protein L to detect the presence of anti-PD-
L1 scFv on the surfaces of aPD-L1 293 T cells and aPD-L1 NVs. Protein L
specifically binds to the κ light chain of the scFv region, making it an
effective tool for detecting scFv fragments and chimeric antigen
receptors (CARs) expressed on cell membranes. To detect anti-PD-L
scFv on the surface of aPD-L1 293 T cells, we incubated 1 × 106 cellswith
1μL Protein L (1mg/mL, GenScript) at 4 °C for 30minutes, followed by
washing with PBS. The cells were then stained with PE-conjugated
streptavidin (BioLegend, San Diego, CA, USA) and analyzed using a
CytoFLEX LX flow cytometer (Beckman Coulter, Atlanta, GA, USA).

To facilitate the detection of anti-PD-L1 scFv onNVs,we incubated
20μL of nanovesicles with 10μL of 4 μm aldehyde/sulfate latex beads
(Invitrogen) at room temperature for 15minutes. We then added 1mL
PBS and rotated the mixture for 2 hours to allow efficient coupling of
the nanovesicles to the beads. After adding 110μL glycine (100mM)
and incubating for 30minutes, the bead-bound nanovesicles were
collected by centrifugation. The samples were then stained with Pro-
tein L and PE-conjugated streptavidin as described above and analyzed
by flow cytometry.

To confirm the functional expression of anti-PD-L1 scFv on aPD-L1
293 T cells, an in vitro binding assay was performed. This assay eval-
uated the ability of aPD-L1 293 T cells to bind recombinant PD-L1
protein, thereby verifying the antigen-binding functionality of the
expressed scFv. 293 Tcells stably expressingonlyGFP (293T-GFP)were
used as a control. Both 293T-GFP and aPD-L1 293 T cells were incu-
bated with 10μg/mL recombinant PD-L1 protein for 4 hours. After
washing awayunboundPD-L1 protein, the cells were stainedwithAlexa
Fluor® 647-conjugated anti-PD-L1 antibody and examined using con-
focal microscopy.

In vivo biodistribution of aPD-L1 NVs@cGAMP
To assess aPD-L1 NVs@cGAMP in vivo biodistribution, aPD-L1
NVs@cGAMP were labeled with DiR dye (Abmole, USA) according to
the manufacturer’s instructions. Briefly, DiR-labeled aPD-L1
NVs@cGAMP were obtained after co-incubating aPD-L1 NVs@cGAMP
with DIR dye for 30min and centrifuging at 150,000 × g for 80min
using an ultrahigh-speed centrifuge to remove free dye. Twelve hours
after the administration of 200μg of DiR-labeled aPD-L1 NVs@cGAMP
via nebulization or tail vein injection, fluorescence quantification of

the major organs of the collected mice was performed using an IVIS
imaging system. Twelve hours after the administration of 200μg of
DiI-labeled aPD-L1 NVs@cGAMP via nebulization or tail vein injection,
mouse lung tissues were collected and stained for tissue immuno-
fluorescence to visually assess the distribution of aPD-L1 NVs@cGAMP
in the lungs. Confocal microscopy was used to examine the distribu-
tion of aPD-L1 NVs@cGAMP in lung tissue sections. The pulmonary
vasculature was labeled with an anti-CD31 antibody. In addition, the
uptake of DiI-labeled aPD-L1 NVs@cGAMP by different cells in the
tumor microenvironment was analyzed by flow cytometry. To inves-
tigate the dose dependence of aPD-L1 NVs@cGAMP biodistribution
in vivo, mice were nebulized with 25μg, 50μg, 100μg or 200μg of
DiR-labeled aPD-L1 NVs@cGAMP, and fluorescence quantification of
major organs was performed using the IVIS imaging system after
12 hours. To investigate the time dependence of aPD-L1 NVs@cGAMP
biodistribution in vivo, mice were nebulized with 200μg of DiR-
labeled aPD-L1 NVs@cGAMP. Fluorescence quantification of themajor
organs of the mice was performed using an IVIS imaging system at 6,
12, 24 and 48 hours.

Western blot analysis
Western blot analysis was performed to detect the expression of the
anti-PD-L1 scFv protein in engineered 293 T cells and nanovesicles. In
this study, the anti-PD-L1 scFv protein was tagged with a Myc epitope
tag, enabling detection using an anti-Myc monoclonal antibody.
Briefly, cells and nanovesicles were lysed using RIPA buffer before the
total protein concentration was determined using a BCA protein assay
kit (Pierce, USA). After equal amounts of proteins were separated and
transferred to polyvinylidene difluoride (PVDF) membranes via 10%
SDS‒PAGE, the PVDF membranes were blocked with 5% skim milk
powder and washed with PBST (PBS containing 0.1% Tween-20). After
blocking, the membranes were washed with PBST and incubated
overnight at 4°C with primary antibodies: mouse anti-Myc-Tag
monoclonal antibody (9B11, Cell Signaling Technology) to detect the
anti-PD-L1 scFv protein, and rabbit anti-β-actin monoclonal antibody
(13E5, Cell Signaling Technology) as a loading control. Following three
washes with TBST (Tris-buffered saline with 0.1% Tween-20), the
membranes were incubated with HRP-conjugated secondary anti-
bodies for 1 hour at room temperature. After additional washes with
TBST, the protein bands were visualized using the ECL Prime chemi-
luminescent reagent (GE Healthcare) and ImageQuant LAS 500
(Cytiva).

Assessment of NVs@cGAMP on MSLN CAR-T cell cytotoxicity
and proliferation
The effect of NVs@cGAMP on the cytotoxicity of MSLN CAR-T cells
was evaluated as previously described81–83. Briefly, 2 × 104 luciferase-
expressing LLC-MSLN cells, 1 × 104 CAR-T cells, and 2 × 103 dendritic
cells were seeded into white opaque 96-well plates. Different treat-
ments were added as required, and the cells were incubated at 37 °C
with 5% CO₂ for 12 hours. Wells containing LLC-MSLN cells alone
(without effector cells) served as positive controls to determine max-
imum luciferase activity. After co-incubation, the supernatant was
gently removed, and cell lysis buffer (Promega) was added according
to the manufacturer’s instructions, followed by the addition of 10μL
Steady-Glo luciferase substrate (Promega). After a 5-minute incuba-
tion, luminescence was measured using an EnVision multimode plate
reader (PerkinElmer). The cytotoxicity of CAR-T cells was calculated
based on the luminescence readings using the following formula: %
Killing = 100− [(RLU from co-culture wells/RLU from control
wells) × 100].

For proliferation assessment, LLC-MSLN cells, GFP-expressing
CAR-T cells, and dendritic cells were seeded into 12-well plates at a
ratio of 10:5:1. Different treatments were added as required, and the
cellswere incubated at 37 °Cwith 5%CO₂ for 5 days.During thisperiod,
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the culture medium was refreshed as necessary based on the pro-
liferation rate of CAR-T cells to ensure adequate nutrient supply. After
5 days, cells were harvested and counted using flow cytometry.

Evaluation of cytokine expression levels
The effects of aPD-L1 NVs@cGAMP on cytokine levels in the tumor
microenvironment were evaluated by qPCR and ELISA. Briefly, mice
were randomly divided into four groups and given inhaled PBS, aPD-L1
NVs, cGAMP or aPD-L1 NVs@cGAMP, and six hours later, mouse lungs
were harvested for gene expression analysis. Total RNA was extracted
from the lysed lung tissue using TRIzol reagent according to the
manufacturer’s protocol, and the RNA concentration was quantified
using a NanoDrop spectrophotometer. Then, the RNA was reverse
transcribed to cDNAusing a RevertAid First Strand cDNA Synthesis Kit.
The primers, cDNA, and SYBR Green Master Mix (Applied Biosystems)
were mixed, and RT‒qPCR was performed using a CFX96 Real-Time
PCR System (Bio-Rad). The DNA sequences of the primers used in this
studywere synthesizedbyBGI Tech (Shenzhen, China) and are listed in
Supplementary Table 1.

Additionally, we evaluated whether aPD-L1 NVs@cGAMP could
retain its STINGagonist activity after different storagedurations at–80
°C using qPCR. Specifically, DCs were co-incubated with aPD-L1
NVs@cGAMP stored for varying periods, and after 12 hours, DCs
were collected. The mRNA expression levels of IFNB1, IFIT1, IFIT2, and
ISG15 were measured as described above. DCs treated with PBS and
aPD-L1 NVs (nanovesicles without cGAMP) served as negative control
groups.

Furthermore, lung and serum samples from different groups of
mice were collected and tested for the expression of IL-1β, IL-6, IL-7, IL-
10, IL-12, IL-15, TGF-β, TNF-α, IFN-γ and IFN-β according to the
instructions of the ELISA kit manufacturer.

Tissue Immunostaining
The expression of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) in tumor tissues from tumor-bearing mice
was detected through immunohistochemistry (IHC). Briefly, after
14 days of treatment in LLC-MSLN tumor-bearing mice, the mice were
euthanized, and lung tissues were collected. The tissues were pro-
cessed into paraffin-embedded sections and underwent antigen
retrieval following standard protocols81. The prepared lung tissue
sections were incubated overnight at 4 °C with primary antibodies:
anti-iNOS (Proteintech, clone: 6O22, dilution 1:1000) and anti-COX-2
(Proteintech, clone: 3G2B9, dilution 1:1000). Following primary anti-
body incubation, sections were stained with appropriate secondary
antibodies to visualize the proteins of interest.

Detectionof co-expressionofCD31 andPD-L1 in tumor tissueswas
performed similarly, using primary antibodies anti-PD-L1 (Proteintech,
clone: 2B11D11) and anti-CD31 (Abcam, clone: EPR17259). The stained
sections were analyzed using a digital slide scanner (P250 FLASH).

Flow cytometry analysis of immune cells
To evaluate the effects of various agents on immune cells in the tumor
microenvironment, isolated tumor tissues were mechanically sepa-
rated into small pieces and digested in DMEM containing type IV col-
lagenase (1mg/mL, Sigma‒Aldrich) for 30min. Then, the digested
tumor tissues were filtered through a 70-μm cell filter (Beyotime), and
erythrocytes were lysed with erythrocyte lysis solution to obtain a
single-cell suspension. To block the nonspecific binding sites of the
cells, all cell samples were pretreated with anti-mouse CD16/32. For
further analysis by flow cytometry, the prepared tumor cell suspen-
sions were stained with the following antibodies: anti-CD3-APC (clone:
17A2), anti-CD8-Pacific Blue (clone: 53-6.7), anti-CD8-PE (clone: 53-6.7),
CD4-FITC (clone: GK1.5), anti-CD45-PE/Cyanine7 (clone: 30-F11), anti-
PD-1-FITC (clone: 29F.1A12), anti-LAG-3-Brilliant Violet (clone:
C9B7W), anti-TIGIT-PE (clone: 1G9), anti-TIM-3-APC (clone: B8.2C12)

and anti-Granzyme B-PE (clone: QA16A02) for T cell analysis; anti-
CD44-FITC (BioLegend, Clone: IM7) and anti-CD62L-APC (BioLegend,
Clone:MEL-14) formemoryT cells; anti-CD80-APC (clone: 16-10A1) and
anti-CD86-PE (clone: GL-1) for mature DC analysis; anti-Foxp3-PE
(clone: MF14) and anti-CD25-PerCP/Cyanine5.5 (clone: PC61); and anti-
CD11b-Pacific Blue (clone: M1/70) and anti-Gr1-APC/Cyanine 7 (clone:
RB6-8C5) forMDSC analysis; anti-IFN-γ-FITC (clone: XMG1.2), anti-IL-4-
PE/Cyanine7 (clone: 11B11) and anti-IL-17A-Brilliant Violet 421 (clone:
TC11-18H10.1) for Th cells analysis; and anti-F4/80-PerCP/Cyanine5.5
(clone: BM8) for macrophage analysis. The above antibodies were
purchased from BioLegend. To evaluate NVs@cGAMP-induced epi-
tope spreading, T cells isolated from the spleen were stained with PE-
conjugated H-2Kb/OVA (SIINFEKL) tetramer (MBL, TB-5001-1) to
detect SIINFEKL-specific CD8 +T cells12. Additionally, 1 × 106 CD8+

T cells were incubated with SIINFEKL peptide to stimulate antigen-
specific T cells, and flow cytometry was used to detect IFN-γ-
expressing CD8+ T cells. The stained samples were analyzed using an
AttuneNxTflowcytometer, and the obtaineddatawere analyzedusing
FlowJo software (Tree Star, Ashland, OR). The gating strategy for flow
cytometry is shown in Supplementary Fig. 31 and Supplemen-
tary Fig. 32.

Evaluation of the ability of aPD-L1 NVs@cGAMP to enhance the
antitumor potency of CAR-T cells in vivo
To evaluate the antitumor potency of aPD-L1 NVs@cGAMP in enhan-
cing CAR-T cells in vivo, we established LLC-MSLN orthotopic lung
cancer mouse models and B16-MSLN metastatic lung cancer mouse
models. Briefly, 5-week-old female C57BL/6 mice were obtained from
the Guangdong Medical Laboratory Animal Center. To construct the
orthotopic tumor model, mice were anesthetized with 2% isoflurane,
and a 5mm skin incision was made on the left chest, approximately
1 cm anterior to the left axilla. Muscles and fat were separated to
expose lung movement. Subsequently, 0.5 × 106 luciferase-expressing
LLC-MSLN cells suspended in 50 μL of DMEM/matrigel were rapidly
injected into the left lung tissue at a depth of 3mm. The incision was
sutured, and topical antibiotics (gentamicin and erythromycin) were
applied to prevent postoperative infection. Animals were observed for
45 to 60minutes until full recovery37. A total of 0.5 × 106 luciferase-
expressing B16-MSLN cells were injected into C57BL/6mice via the tail
vein, and the in vivo bioluminescence of the mice was measured using
the IVIS system to evaluate whether metastatic lung cancer was suc-
cessfully established.

Seven days post-tumor cell inoculation, mice with established
LLC-MSLN orthotopic tumors and B16-MSLN metastatic tumors were
randomized into different treatment groups to receive the respective
drug regimens, including aPD-L1 NVs@cGAMP, CAR-T cells, or com-
bination therapy. To evaluate the growth of tumor cells in vivo,
D-luciferin (150mg/kg, Abmole, USA) was injected into mice trans-
peritoneally on days 0, 7, and 14 after drug administration, and the
bioluminescence of tumors was detected by an IVIS imaging system.
Mice were sacrificed for observation of tumor cell metastasis in the
lungs on day 14 post-treatment. Throughout the experimental period,
the weight changes and survival rates of the mice were recorded in
detail. In this study, each mouse within the same group was indepen-
dently subjected to the same treatment, making each mouse a biolo-
gical replicate. Thus, the IVIS imaging experiments and survival rate
analyses included 4 and 10 biological replicates, respectively.

To evaluate the inhibitory effects of the combined therapy on
tumor recurrence, mice that achieved complete tumor remission were
rechallenged on day 28 post-treatment initiation. In the LLC-MSLN
model, cured mice were inoculated either orthotopically or sub-
cutaneously in the inguinal region with 0.5 × 106 LLC-MSLN or parental
LLC cells to simulate local and distant tumor recurrence. In the B16-
MSLN model, cured mice were injected via the tail vein or sub-
cutaneously in the inguinal region with 0.5 × 106 B16-MSLN or parental
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B16 cells. Untreated mice receiving the same tumor cell inoculations
served as controls. Untreated mice were challenged with the same
tumor cells to serve as controls. Similarly, tumor growth and survival
were monitored in vivo in tumor-bearing mice as described above. All
of the above animal experiments were conducted in accordance with
the animal care and use regulations of the Fifth Hospital of Sun Yat-sen
University.

Safety evaluation
Serum biochemical parameters and histomorphology of major
organs were evaluated in mice to assess the biocompatibility of CAR-
T+NVs@cGAMP. Briefly, C57BL/6 mice were randomized into 2
groups and treated with 200μL PBS or CAR-T+NVs@cGAMP on days
0 and 3. Mice were euthanized on day 14, and serum was collected to
assess changes in liver and kidney function. Serum biochemical
parameters, including alanine aminotransferase (ALT), aspartate
aminotransferase (AST), alkaline phosphatase (ALP), blood urea
nitrogen (BUN), creatinine (CR), globulin (GLB), albumin (ALB),
cholesterol (Chol), triglyceride (TG), and total bilirubin (TBIL), were
measured using commercially available test kits. In addition, the
collected mouse organs were fixed with 4% paraformaldehyde and
then stained with hematoxylin and eosin (H&E) to observe the effect
of CAR-T+NVs@cGAMP on the histomorphology of major organs
in mice.

Statistical analysis
All the data in this study were analyzed using GraphPad Prism 8.0. Dif-
ferences between two groups were analyzed using Student’s t-test, and
differences among multiple groups were analyzed using one-way
ANOVA and Tukey’s test. All results are expressed as the mean±
standard deviation (SD). Survival curves were analyzed by Kaplan‒Meier
analysis. p<0.05 was considered to indicate statistical significance.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data are available within the Article, Supplementary
Information or Source Data file. Source data are provided with this
paper and are also available in Figshare: https://doi.org/10.6084/m9.
figshare.27901938.
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