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Engineering Autologous Cell-Derived Exosomes to Boost
Melanoma-Targeted Radio-Immunotherapy by Cascade

cGAS-STING Pathway Activation

Fangming Zhang, Ziyao Zhang, Wanting Yang, Zhuyuan Peng, Juntao Sun, Guofeng Li,

Yen Wei, Xing Wang,* Lingyun Zhao,* and Wensheng Xie*

Radio-immunotherapy has offered emerging opportunities to treat invasive
melanoma due to its immunostimulatory performances to activate antitumor
immune responses. However, the immunosuppressive microenvironment and
insufficient response rate significantly limit the practical efficacy. This study
presents an autologous cell-derived exosomes (Exo)-engineered nanoagonist
(MnExo @cGAMP) containing with metalloimmunotherapeutic agent (Mn?*
ions) and nucleotidyltransferase (2’,3’-cGAMP, a STING agonist) for boosting
melanoma-targeted radio-immunotherapy by cascade cGAS-STING pathway
activation. The MnExo@cGAMP can efficiently accumulate in tumor cells due
to the autologous targeting performance. Once internalized by tumor cells,
the released Mn2* ions will enhance stimulator of interferon gene (STING)
binding and sensitize cyclic GMP-AMP (cGAS) to radiotherapy-induced
double-straned DNA (dsNDA), resulting in amplification of cGAS-STING
pathway activation together with X-ray irradiation. Meanwhile, loaded
2’,3’-cGAMP can directly augment pathway activity acting as a secondary
messenger. These cascade activations of cGAS-STING pathway trigger the
overexpression of type | interferon, promote dendritic cells (DCs) maturation,
antigen presentation, and increase CD8" T cell activation, resulting effective
radio-immunotherapeutic outcome by overcoming immune-suppression in
melanoma. This study demonstrates a targeted therapeutic modality involving
metalloimmunotherapy and agonist for efficient melanoma
radio-immunotherapy by cascade cGAS-STING pathway activation.

melanoma around the world is about
1.7% of all new-diagnosed primary ma-
lignant cancer and mortality is ~0.7%.!2]
Currently, surgery, radiotherapy, targeted
therapies for V-Raf murine sarcoma vi-
ral oncogene homolog inhibition and im-
munotherapies have main clinical strate-
gies for melanoma patients.>*! However,
the low response rate and inevitable oc-
currence of resistance still greatly limit
the prognosis improvement due to the im-
munosuppressive tumor environment, cy-
totoxic resistance by immune cells, and
developed lesions in antigen process.[*5°]
Meanwhile, although melanoma is one of
the most immunogenic tumors, the in-
trinsic plasticity allows it evade the im-
munosurveillance and escape immune re-
sponse during the radiotherapy.”) There-
fore, it is of great significance to develop
novel strategy for blocking immune es-
cape and improving therapeutic outcome.

Stimulator of interferon gene (STING),
an intracellular signaling receptor for in-
nate immune pathway, is critical for the
initiation of antitumor immunity.®! Pre-
clinical studies have demonstrated that
both endogenous signaling pathway and ex-
ogenous agonist STING activation could

1. Introduction

Melanoma is the most lethal skin cancer which originates from
the malignant transformation of melanocytes.[! The incidence of

effectively arouse the adaptive immune recognition.[>!°l For
instance, intratumoral injection of the natural ligands (cyclic
dinucleotides, CDNs) for STING, has shown remarkable ef-
ficacy in preclinical studies and is under investigation in

F. Zhang, Z. Zhang, W. Yang, Z. Peng, ). Sun, G. Li, X. Wang, W. Xie
State Key Laboratory of Organic-Inorganic Composites

College of Life Science and Technology

Beijing University of Chemical Technology

Beijing 100029, P. R. China

E-mail: wangxing@buct.edu.cn; xws@mail.buct.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smll.202408769

DOI: 10.1002/smll.202408769

Small 2024, 2408769

2408769 (1 of 12)

Y. Wei

The Key Laboratory of Bioorganic Phosphorus Chemistry & Chemical
Biology (Ministry of Education)

Department of Chemistry

Tsinghua University

Beijing 100084, P. R. China

L. Zhao

State Key Laboratory of New Ceramics and Fine Processing
School of Materials Science and Engineering

Tsinghua University

Beijing 100084, P. R. China

E-mail: lyzhao@mail.tsinghua.edu.cn

© 2024 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

human clinical trials.[''l Moreover, previous study has demon-

strated that combined STING activator could overcome the radio-
therapy resistance during pancreatic cancer treatment.!'2] Mean-
while, more CDN-based STING agonists are currently undergo-
ing clinical trials (NBTTXR-3, idronoxil, exoSTING, IMSA-101,
ADU-S100, MK-1454, TAK-676, SB-11285, SYN-STING, GSK-
3745417, BI-1387446, E-7766, SNX-281, BMS-986301, and CB-
85247).13141 However, most CDN-based STING agonists are hy-
drophilic small molecules, membrane impermeable and sus-
ceptible to rapid degradation by nucleases, making them un-
suitable as agents for systemic administration. To address these
limitations, nanotechnology is employed to endow molecule
with nano-size to avoid quick degradation, increase blood cir-
culation time, improve membrane permeability, and promote
targeted cumulation, such as polymetric STING activating
nanoparticles (polySTING),[>] STING-activating nano-liposomal
vesicles (SAProsomes),!*! drug-conjugated poly(f-amino ester)
nanoparticle formulations (CDN-NPs),['”] cyclic dimeric adeno-
sine monophosphate-loaded nanoscale coordination polymers
(ZnCDA), universal STING mimic lipid nanoparticles (LNP-
uniSTING-mRNA),['®] and etc. Nanoparticle-based delivery sys-
tems effectively improve the pharmacokinetics and therapeutic
efficacy. Nevertheless, relevant side effects caused by cytotoxicity
of external synthetic nanoparticle components, undesired biodis-
tribution, and poor intracellular permeation have become urgent
limitations in practical application.

In addition to synthetic nanocarriers, cell-derived extracellu-
lar vesicles have attracted considerable attention as drug de-
livery systems due to low immunogenicity, excellent stability
and biosafety, decreased immune clearance, and active targeting
performances.['>2°] Particularly, exosomes, which are small ex-
tracellular vesicles of endosomal origin released by the exocyto-
sis of multivesicular bodies and amphisomes, exhibit significant
potential for cancer diagnosis and therapy for intrinsic cell-to-cell
communication locally and between organs.!*!"?2l Moreover, exo-
somes can influence the proliferation and respective activity of
recipient cells of innate immune system via delivery of DNA-
inducing cyclic GMP-AMP (cGAS)-STING signaling and trans-
fer and presentation of antigen peptides.[?>?*] Therefore, as an
autologously safe delivery vehicle, we speculate that engineered
exosomes with special functions can reverse the immune escape
of melanoma treatment.

Activation of cGAS-STING pathway for melanoma im-
munotherapy is guided by two key proteins: cGAS and STING. ]
Therefore, in this study, autologously cell-derived exosome was
engineered with cyclic dinucleotides (2’,3’-cGAMP) and metal-
loimmunoagonists (Mn?* ions) (MnExo@cGAMP) to activate
the immune response of melanoma via activation of both cGAS
and STING, and improve the therapeutic outcome by combining
with radiotherapy (Scheme 1). In MnExo@cGAMP system, ex-
osome provides efficient loading capacity, targeted delivery per-
formance, and excellent biocompatibility. Mn?* ions enhance
STING bingding activity and sensitize cGAS to radiotherapy-
induced dsDNA, and then intensify the cGAS-STING pathway
activation together with 2’,3’-GAMP. Meanwhile, external radia-
tion could further enhances the generation of IFN-y, which for-
wardly promote dendritic cells (DCs) muturation, antigen pre-
sentation, T cell activation, and final antitumor immunity. This
engineered autogolous exosomes demonstrated an unique po-
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tential to overcome the low response rate of melanoma radio-
immunotherapy.

2. Results and Discussion

2.1. Rational Design and Characterization of the
MnExo@cGAMP

As shown in Figure 1a, melanoma B16F10 cell-derived exosomes
were obtained via classic gradient ultracentrifugation method!?’!
and then the engineered MnExo@cGAMP exosomes were pre-
pared by sonication strategy!?®] to load the 2',3’-cGAMP and Mn?*
ions. Finally, membrane extrusion (0.22 um) was employed to
uniform the size distribution of as-prepared MnExo@cGAMP
exosomes. The isolation protocol of autologous cell derived ex-
osomes form B16F10 cells consists of three centrifugations
with different speed to ensure the high purification (Figure 1b).
The typical structure of MnExo@cGAMP exosomes was mea-
sured using high-resolution transmission electron microscopy
(HRTEM) after negative staining with uranium acetate solution.
Clear phospholipid bilayer membrane structure revealed the suc-
cessful synthesis process and intact morphology after sonica-
tion treatment (Figure 1c). The dynamic diameter was ~72.44 +
17.18 nm as measured by dynamic light scattering (Figure 1d),
which is consistent with image of HRTEM. Meanwhile, the
symbolic proteins of Exo (TSG101 and CD81) were detected
by western-blot analysis (Figure S1, Supporting Information).
The results demonstrated that sonication process do not dam-
age the integrality of Exo. Compared to naked Exo, drugs-loaded
MnExo@cGAMP displayed slightly increased dynamic diameter
(64.59 to 72.9 nm) and none zeta potential difference (Figure S2,
Supporting Information). Furthermore, element mapping anal-
ysis on HRTEM was used to obviously exhibit the components
of MnExo@cGAMP exosomes. Element N, O, and P represent
exosome and loaded 2’,3’-cGAMP, while Mn reveals the Mn2+
ions capsulation. Results from inductively coupled plasma optical
emission spectrometry (ICP-OES) measurement demonstrated
that the loading rate of Mn?* ions in MnExo@cGAMP exosomes
was ~5.5%. Meanwhile, the loading rate of 2’,3'-cGAMP was
~2.69%.

2.2. In Vitro Cytotoxicity of MnExo@cGAMP Exosomes

As Manganese is critical for both cellular metabolism and cGAS-
STING-mediated antitumor immune response.?®l First, the in
vitro cytotoxicity to B16F10 cell line of free Mn?* ions and 2',3'-
cGAMP was studied via co-incubation method. High concen-
tration of Mn?* ions exhibited dose-dependent cytotoxicity with
a half maximal inhibitory concentration (IC50) of ~102.5 uM
(Figure 2a). When administrated Mn** ions were less than 7.5
uM (5 uM was chosen to following study), there was negligible
direct cytotoxicity, which would guarantee the limited adverse ef-
fect to normal cell during antitumor treatment. 2',3’-cGAMP did
not show cytotoxicity to BI6F10 cells even with a high concentra-
tion of 80 uM (Figure 2b). It should be noted that naked exosomes
exhibited excellent biocompatibility and in vitro cytotoxicity of
MnExo and MnExo@cGAMP exosomes was originated from
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Scheme 1. The design of engineered homologous cell derived exosomes loading with immunoagonists (Mn?* ions and 2',3'-cGAMP) to transform “cold
tumor” into “hot tumor” for bossting immunotherapy efficacy of melanoma.l?8! In this system, released Mn?* ions will sensitize cGAS to irradiation
induced dsDNA for cGAMP synthesis together with released 2’,3’cGAMP. Mn2* also enhance the binding of STING and cGAMP, and then activate the
cGAS-STING pathway in both tumor cells and DCs, resulting in boosting antitumor immunity.

loaded Mn?* ions (Figure 2c). In order to maximize the therapeu-
tic side effect, the formulation of MnExo@cGAMP (100 pg mL™1)
was chosen in the following evaluation. Cell cloning experiment
was used to test the sensitivity of B16F10 cells to various dose of
X-ray irradiation. As shown in Figure 2d,e, few clone were ob-
served once the irradiation dose was more than 6 Gy, demon-
strating the significant therapeutic efficacy of radiotherapy to
melanoma.[2%30]

It is well-known that high concentration of Mn?* ions would
cause the cellular apoptosis and/or pyroptosis.>'-33] The flow cy-
tometry results (Figure 2f,g) revealed that late apoptosis varied
for MnExo and MnExo@cGAMP exosomes co-incubated cells
compared to the Control group and Exo group. Meanwhile, early
apoptotic cells appeared in all groups, indicated that higher con-
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centration of autologous cell-derived exosomes could cause the
source cell apoptosis.**! Furthermore, the cell cycle of treated
B16F10 cells was analyzed by flow cytometry to identify phase
state. As shown in Figure 2h,i, the numbers of S phase decreased
and G,/G; phase increased in MnExo and MnExo@cGAMP
exosomes-treated groups compared to the Control and Exo group,
indicated that MnExo@cGAMP caused the G,/G; cell cycle ar-
rest.

2.3. DCs Maturation, Antigen Presentation and T Cell Activaition
DCs paly an essential role for antitumor innate immune re-

sponses for its key process of antigen presentation.[**) Moreover,
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Figure 1. Preparation and characterization of engineered homologous cell-derived exosomes (MnExo@cGAMP). a) Schematically illustrating the syn-
thetic process of MnExo@cGAMP. b) The isolation protocol to separate tumor exosome from B16F 10 cells via high-speed centrifugation. c) TEM images
of synthesized MnExo@cGAMP after negative staining with uranium acetate solution. d) Dynamic light scattering analysis of MnExo@cGAMP for hy-
drodynamic size distribution in PBS. e) TEM image and corresponding element mappings of N (yellow), O (brown), P (cyan), Mn (green), and U (pink).
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Figure 2. In vitro antitumor effect of MnExo@cGAMP and its components. a,b) Viability of B16F10 cells incubated with different concentrations of
MnZ* ions (a) and 2,3-cGAMP (b) for 24 h. c) Viability of B16F 10 cells incubated with different concentrations of Exo, MnExo, and MnExo@cGAMP for
24 h. d,e) Colony formulation of B16F10 cells after various dose (0, 2, 4, 6, 8, 10 Gy) of X-ray irradiation (d) and the corresponding quantification (e).
f,g) Apoptosis/necrosis analysis of B16F 10 cells under different treatments (Control, Exo, MnExo, and MnExo@cGAMP) via flow cytometry measurement
(f) and the corresponding quantification (g). h,i) Cell cycle analysis of B16F 10 cells after different treatments (Control, Exo, MnExo, and MnExo@cGAMP)
via flow cytometry measurement (h) and the corresponding quantification (i).
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the nanoplatforms that promote DCs maturation are significant
for DCs mediated specific antitumor immunotherapy. There-
fore, an in vitro co-culture system based on Transwell device was
established to evaluate the contribution of MnExo@cGAMP to
the DCs maturation, antigen presentation, and T cell activation.
As we know, apoptotic tumor cells are weak immunogenic for
they will release corresponding immunostimulatory cytokines,
such as high mobility group box 1 (HMGB1), calreticulin (CRT),
and tumor-associated antigens (TAAs).**] Meanwhile, Free Mn**
ions will increase the sensitivity of cGAS to cytosolic dsDNA from
tumor cells, and then activate the cGAS-STING pathway together
with 2/,3’-cGAMP to maturate DCs.[?! As shown in Figure 3a,
well-differentiated and immature DCs from BMDCs were co-
incubated with various formulations (A1: Control, A2: 5 uM Mn?**
ions, A3: 20 uM 2',3-cGAMP, A4: 5 uM Mn?* ions plus 20 uM
2/,3’-cGAMP)-treated B16F10 cells for maturation detection by
dying tumor cells-original neo-antigens, Mn?** ions, and 2',3'-
c¢GAMP. In Control group and Mn?* ions group, the surface ex-
pression of CD80 and CD86 was in a low level (20.2% and 23.1%,
Figure 3b,c). While the combination treatment by Mn?* ions and
2/,3’-cGAMP greatly promote the DCs maturation, which was
verified by higher level of CD80 and CD86 expression (87.6%,
Figure 3c).

Furthermore, to evaluate the antigen presentation perfor-
mance of mature DCs and T cell activation, THP-1 cells were co-
incubated with mature DCs (Figure 3a). The surface expression
of CD4 and CD8 protein was tested using flow cytometry to show
the anti-tumor immune response.?”! According to the results, the
absolute percentage of CD8" cells in combined treatment group
was 26.5%, which was significantly higher in comparison with
the Control group (15.7%, Figure 3d). As pro-inflammatory cy-
tokines such as TNF-« and IL-6 secreted by mature DCs and ac-
tivated T cells are critical for anti-tumor therapy,*®] the relevant
concentration in medium were measured by ELISA (Figure 3e,f).
Compared to the Control group, Mn?* ions and/or 2',3’-cGAMP-
treated groups exhibited increased production of both TNF-« and
IL-6, demonstrating that potential anti-tumor efficacy. Simultane-
ously, the gene expression of TNF-a and IL-6 was measured us-
ing real-time quantitative polymerase chain reaction (RT-qPCR),
and the results are in consistence with the ELISA measure-
ment (Figure 3g,h). The above results revealed that Mn?* ions
and/or 2/,3’-cGAMP treatments of melanoma could effectively
lead to DCs maturation, antigen presentation, and T cell activa-
tion, which provided evidences for the anti-tumor immunother-
apy of MnExo@cGAMP exosomes in melanoma.

2.4. In Vivo Anti-Tumor Treatment

To evaluate the in vivo anti-tumor therapeutic efficacy of as-
synthesized MnExo@cGAMP, B16F10-tumor-bearing C57/BL6
mice models were established via intraperitoneal injection of tu-
mor cells. First, we evaluated the pharmacokinetics and in vivo
biodistribution of MnExo@cGAMP to test the autologous tar-
geting performance. The elimination half-life time in blood af-
ter intravenously injection was about 18.33 min (Figure S3, Sup-
porting Information). Meanwhile, obvious fluorescence inten-
sity in tumor sites was detected in tumor 12 h post-injection
(Figure S4, Supporting Information), demonstrating the efficient
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tumor accumulation and targeting activity of MnExo@cGAMP.
The fluorescence intensity gradually fade 24 h later, indicating
the rapid degrade in tumor tissues. The tumor bearing mice
were randomly divided into six groups (n = 5): G1: Control, G2:
MnExo, G3: MnExo@cGAMP, G4: RT, G5: MnExo + RT, and G6:
MnExo@cGAMP + RT. The formulation was intravenously in-
jected at days 0, 2, 4, and 6 with a concentration of 10 mg kg™
(100 pL) and mice in G4, G5, and G6 groups were irradiated by
X-ray (4 Gy) at days 1, 3, 5, and 7 (Figure 4a). Compared with
the body weight in Control group, there is no conspicuous differ-
ence for MnExo and MnExo@cGAMP groups (Figure 4b), indi-
cating the excellent biocompatibility of engineered exosomes. X-
ray irradiated groups (G4, G5, and G6) displays slightly decreased
body weight, which are in the normal range.**) The change of
tumor volume is an intrinsic index to evaluate the therapeutic ef-
ficacy of MnExo@cGAMP. Compared to the rapid growth rate of
tumor volume in Control group, MnExo and MnExo@cGAMP
exosomes treatment exhibits obvious tumor growth inhibition
and the efficacy of MnExo@cGAMP is better than MnExo be-
cause of the additional 2’,3"-cGAMP (Figure 4c). Meanwhile, syn-
chronous X-ray irradiation greatly inhibit the growth rate of tu-
mor in MnExo +RT and MnExo@cGAMP + RT groups, demon-
strating the efficient therapeutic outcome of radiotherapy on
melanoma.l*’] Moreover, compared to the tumor growth in RT
group, the combination of RT and engineered exosomes exhibits
more significant tumor growth inhibition effect, which is consis-
tence with the speculation (Figure 4c,d).

The average tumor tissue weight and photographs
(Figure 4d,e) obviously display the therapeutic difference
among groups. Subsequent hematoxylin and eosin (H&E)
staining of tumors in various groups revealed that treatment
with MnExo@cGAMP resulted in extensive tumor cell death
with few cellular nuclear staining (Figure 4f), demonstrating
the recovery of normal tissues. Meanwhile, the H&E staining
images of main organs (Figure S5, Supporting Information)
revealed the biosafety of as-synthesized nanoagonists to normal
tissues. Obvious high level of ROS in tumor tissues was detected
in MnExo@cGAMP + RT group (Figure 4g, Figure S6, Support-
ing Information), which may attribute to X-ray irradiation and
Mn?* mediated biocatalysis. Increased intracellular oxidative
stress could promote the immunogenic tumor cell death during
treatment.[*!] Therefore, we further characterize the expression
of the key components of the cGAS-STING pathway in tumor
cells. Western blotting showed low levels of STING and IRF3
expression in MnExo@cGAMP treated tumor compared to
the Control group (Figure 4h), while phosphorylated STING
(p-STING) exhibited a relative higher expression, demonstrating
the successful binding between STING and cGAMP to activate
cGAS-STING-IRF3 pathway.®>] The above results revealed the
in vivo antitumor efficacy of MnExo@cGAMP and its ability to
induce cGAS-STING pathway activation.

2.5. In Vivo Anti-Tumor Immune Response
Before evaluate the immune response after MnExo@cGAMP +
RT treatment, terminal deoxynucleotidyl transferase (TdT) dUTP

Nick-End Labeling (TUNEL) assay (Figure 5a,d) and Ki-67 as-
say (Figure 5b,e) were further employed to exhibit the efficient
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Figure 3. The DCs maturation and T cell activation after treatment with as-prepared various formulations. A1: Control, A2: 5 uM Mn?*, A3: 20 uM 2,3-
cGAMP, A4: 5 UM Mn?* together with 20 uM 2,3-cGAMP. a) Schematic illustration of the DCs maturation and T cell activation by various treated B16F10
medium in Transwell insert plate. b,c) Representative flow cytometry plots (b) and corresponding quantification (c) of mature DCs (CD11c*CD86) after
treatments. d) Representative flow cytometry plots of T cell activation (CD3*tCD8%) after treatment with APC. e,f) Pro-inflammatory cytokine TNF-a (e)
and IL-6 (f) levels in DCs/T cells co-incubation supernatants via Elisa analysis. g,h) Real-time quantitative polymerase chain reaction (RT-qPCR) for the

expression of TNF-a (g) and IL-6 (h).
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with RT, G6: MnExo@cGAMP with RT. b,c) The volume of tumor (b) and body weight of mice (c) in different groups in the period of 11 days’ treatment.
d,e) The average weight (d) and photographs (f) of tumor tissue in different groups after 11 days’ treatment. f,g) H&E staining (f) and ROS staining (g)
of tumor tissues in mice after various treatments. h) Western blot analysis on the expression of STING, p-STING, IRF3, and glyceraldehyde 3-phosphate
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Figure 5. In vivo antitumor effect and immune response of various formulations, G1: Control, G2: MnExo, G3: MnExo@cGAMP, G4: RT, G5: MnExo with
RT, G6: MnExo@cGAMP with RT. a—f) The average fluorescence intensity of TUNEL (a), Ki-67(b), and HSP70 (c) by quantitative analysis with Image)
software and relevant fluorescence images of tumor tissues with TUNEL staining (d), Ki-67 staining (e), and HSP70 staining (f) after various treatments.
g,h) The secreted level of TNF-a, IFN-y, IL-6, and INF-$ in spleen tissues (g) and tumor tissues (h) of mice after 11 days’ treatment with measurement

of ELISA kits.
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Figure 6. Immune response of MnExo@cGAMP treatment on B16F 10 melanoma-bearing mice. G1: Control, G2: MnExo, G3: MnExo@cGAMP, G4: RT,
G5: MnExo with RT, G6: MnExo@cGAMP with RT. a) Immunohistochemical staining and corresponding quantification of CRT in tumor tissues (Control
group and MnExo@cGAMP + RT group). b) Immunohistochemical staining and corresponding quantification (k) of HMGB1 in tumor tissues (Control
group and MnExo@cGAMP + RT group). ¢,d) Immunohistochemical staining (c) and corresponding quantification (d) of CD8 in tumor tissues of mice
after different treatments. e,f) Immunohistochemical staining (e) and corresponding quantification (f) of Foxp3 in tumor tissues of mice after different
treatments.
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therapeutic effect in MnExo@cGAMP +RT group compared to
other groups through the direct living and dead state of tumor
cells after different treatments. Heat shock protein 70 (HSP70)
is one an important immune regulators and triggers for MHC-
I cross-presentation.*?] The staining results showed obvious
up-expression in MnExo@cGAMP + RT group compared with
other groups, demonstrating the efficient anti-tumor immune re-
sponse (Figure 5¢,f).

Cytokines mediated intercellular communication plays
key role between leukocytes for immune response and
inflammation.®] Among of them, the tumor necrosis factor
(TNF)-a is central in orchestrating the inflammatory immune
response.[*l Therefore, the level of TNF-a in both spleen and
tumor tissues was measured by ELISA (Figure 5gh). Alone
MnExo (G2) or MnExo@cGAMP (G3) exosomes treatment
showed none significant change of intra-tumoral TNF-a expres-
sion compared to the Control group (G1). However, low-dose
X-ray irradiation (G4) would promote the expression of TNF-a,
confirming that radiotherapy is a form of immunogenic strategy.
Importantly, combined therapy of MnExo@cGAMP exosomes
and radiotherapy displayed highest TNF-a expression, indicating
the highest immune response. Type I interferons are essential to
the development of robust adaptive antitumor immunity owing
to their ability to stimulate T cell cross-priming, potentially
rendering tumors more susceptible to checkpoint blockade.*’]
Moreover, cGAS-STING pathway is a potent driver of inflam-
mation and promotes the transcription of genes encoding Type
I interferons.l*®! ELISA results (Figure 5g,h) showed the signif-
icantly increased IFN-y expression in both MnExo + RT and
MnExo@cGAMP + RT groups compared to the Control group,
which is consistence with the TNF-a results. Furthermore, the
significantly increased IL-6 and IFN-# confirmed the antitumor
immune response after MnExo@cGAMP + RT treatments.

The production of tumor specific antigen (TSA), neoantigen
processing and presentation, and T cell activation and infiltra-
tion are the key procedures for immune response after nano-
therapy.¥’] Immunogenic cell death (ICD) is a distinct form
of RCD that is capable of triggering an adaptive immune re-
sponse targeted toward damage-associated molecule patterns
(DAMPs) from dying cells. Meanwhile, calreticulin (CRT) and
high-mobility group box 1 (HMGB1) are two typical DAMPs of
ICD.I*8] The immunohistochemical staining analysis of tumor
tissue after treatment showed that MnExo@cGAMP + RT treat-
ment significantly promote the release of both CRT (Figure 6a)
and HMGBI1 (Figure 6b) compared to the Control group, re-
vealing that the combined therapy with MnExo@cGAMP and
RT are immunogenic for melanoma. Therefore, we next investi-
gated cytotoxic T lymphocytes (CTLs) infiltration in tumor. Com-
pared to the Control group, the number of CTLs (CD8"CD3")
slightly increased in MnExo and MnExo@cGAMP treated group
(Figure 6¢,d). However, additional low-dose X-ray irradiation
could promote the activation and filtration of CTLs in tumor,
which are explained for the high expression in both RT and
MnExo + RT group (Figure 6d). Moreover, highest number of
CTLs were detected in MnExo@cGAMP + RT group, demon-
strating the effective immune response happened in melanoma.
Meanwhile, the expression of Foxp3 (a special subset of CD4*
T cells) exhibited the similar trend as CTLs in different groups
(Figure 6e,f), revealing that MnExo@cGAMP + RT treatment
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will lead to the increase of regulatory T-cells to maintain immune
homeostasis during therapy. Pulmonary metastasis is most fre-
quently happened in melanoma due to various reasons.[*>>% The
immunohistochemical staining images of lung tissues (Figure
S7, Supporting Information) showed inhibited lung metastasis
after various treatments because of the effective immune re-
sponse.

3. Conclusion

In summary, an engineered autologous cell-derived exosomes
(MnExo@cGAMP) containing metalloimmunotherapy regulator
and STING agonist were successfully fabricated to boost antitu-
mor immunity of melanoma by cascade cGAS-STING pathway
activation together with radiotherapy. Taking advantage of autol-
ogous cell-derived exosome carriers, the MnExo@cGAMP sys-
tem exhibited efficient loading capacity, targeted delivery perfor-
mance, immune surveillance escape, and excellent biocompati-
bility. Traditional radiotherapy alone is hard to induce immune
response even it can trigger the generation of dsNDA. How-
ever, After MnExo@cGAMP was internalized by tumor cells,
the released Mn?* ions will sensitize cGAS to dsDNA and also
enhance STING binding, resulsting in the activation of cGAS-
STING pathway together with loaded 2’,3’-cGAMP. Meanwhile,
external radiation could further enhances the generation of type
I IFN, which forwardly promote DCs muturation, antigen pre-
sentation, T cell activation, and final antitumor immunity. Over-
all, this engineered autogolous exosome exosomes based on di-
verse targets demonstrated an unique potential to overcome the
low response rate of melanoma immunotherapy via metalloim-
munotherapy combiend radiotherapy.
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