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Fig. 5. PS3D1@DMXAA elicits TAA-specific CD8" T cell priming. (A) Schematic illustrating the process of DC activation in the TME and DC migration to the tdLN for anti-
gen presentation and activation of T cells. Mice bearing B16.F10 tumors were treated with PBS (1), free DMXAA (2), PS3D1 (3), a physical mixture of empty PS3D1 and DMXAA (4), or
PS3D1@DMXAA (5) intravenously for five times, 2 days apart. (B) Percentages of CD103"CD11c* DCs of CD45* cells in tumors were measured by flow cytometry on day 14
(n=4). (C and D) Representative flow cytometric analysis (C) and the corresponding quantification (D) of CD103*CD11c" DCs of CD45" cells in tdLN on day 14 (n = 4).
(E) Intravenous treatment scheme for mice with established B16-OVA tumor. Mice bearing B16-OVA tumors were treated as in (A). Then, the mice were sacrificed on day 7
for different analysis. (F and G) Percentages of OVA (SIINFEKL)-specific CD8" T cells in TME (F) and spleen (G) were measured by flow cytometry (n = 3). (H) ELISpot analysis
of IFN-y spot-forming cells among splenocytes after ex vivo restimulation with OVA (SIINFEKL) peptide on day 7. (I) Flow cytometric quantification of granzyme B*CD8"
T cells among splenocytes of mice after ex vivo restimulation with SIINFEKL (OVA) peptide. (J) Granzyme B protein levels in the supernatant of splenocytes after ex vivo
restimulation with OVA (SIINFEKL) peptide for 24 hours on day 7 (n = 4). (K) Flow cytometric quantification of CD107a*CD8" T cells among splenocytes after ex vivo restimulation
with SIINFEKL (OVA) peptide on day 7. Data are means * SD, and statistical significance was calculated by one-way ANOVA with Tukey’s test. ***P < 0.001 and **P < 0.01.

achieved by novel nanoparticles co-delivering SN38 and STING ag-
onist DMXAA that can convert the immunologically cold tumors
to immunogenic hot tumors upon the synergistic effect between
SN38 and STING agonist DMXAA, yielding an enhanced expan-
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sion and tumor infiltration of TAA-specific CD8" T cells that can
potentiate strong antitumor immunity.

Encapsulating of small molecules into nanoparticles, which have
the enhanced permeability and retention effect, helps targeted drug
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Fig. 6. PS3D1@DMXAA inhibits breast tumor metastasis and synergizes with ICB to inhibit B16-melanoma. (A) Schematic diagram of the orthotopic breast tumor
model and administration method. Mice bearing 4T1-Luci breast tumors were treated as in Fig. 5A. (B) Tumor growths are shown (n =8). (C) Survival curves were com-
pared using log-rank test (n =8). (D) In vivo bioluminescence images of 4T1-Luci lung metastatic tumors. (E) Number of the lung metastatic nodules on day 25. One-way
ANOVA with Tukey’s test. (F) Combined treatment scheme for mice with established B16.F10 tumors. (G) Tumor growths of B16.F10 tumor-bearing mice are shown (n=38,
means + SEM). (H) Survival curves were compared using log-rank test (n = 8). Data are means + SD, and statistical significance was calculated by two-tailed Student'’s t test
unless otherwise indicated. ***P < 0.001 and **P < 0.01. (I) Schematic illustration of the self-assembly of PS3D1@DMXAA nanoparticles with redox-responsive drug release
in tumor cells. The electrostatic interaction between the tertiary amine group and DMXAA provides efficient drug loading. (1 and 2) Redox stimuli trigger SN38 release in
tumor cells. SN38 induces tumor cell death and release of chemokine CCL4 that drives the infiltration of CD103* DCs in the TME. (3) Meanwhile, PS3D1@DMXAA elicits
efficient cytosolic delivery of DMXAA for STING activation in CD103" DCs. Together, these enhance the maturation and TAA uptake of CD103" DCs. (4 and 5) STING acti-
vation enhances the migration of mature CD103" DCs into the tdLN and stimulates TAA cross-presentation by CD103* DCs for cross-priming of TAA-specific effector CD8*
cytotoxic T cells. (6) PS3D1@DMXAA modulates the immunosuppressive TME and facilitates TAA-specific effector CD8" cytotoxic T cell recruitment through CXCL9/
CXCL10. All these eventually amplify the antitumor therapeutic effects.
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delivery to tumor tissues. However, least drug loading and entrap-
ment efficiency hindered the effective delivery of some hydrophobic
drugs, such as camptothecin and doxorubicin (15). One of the ad-
vantages of polymeric prodrug nanoparticles is the high drug loading
capability (18). In this study, the loading content of the cytotoxic drug
SN38 reached about 22% in PS3D1 nanoparticles because SN38
molecules were linked by covalent bonds. The pK, (where K, is the
acid dissociation constant) of DMXAA was ~3.6. According to the
Henderson-Hasselbalch equation, DMXAA would present in an
anionic form in physiological environments. The high drugloading
(~15%) for DMXAA was achieved by introduction of electrostatic
interactions, which arose from the electrostatic attraction between
the —COOH groups from DMXAA and the tertiary amine groups
from the PDEA block.

Another advantage of our strategy lies in the efficient cytosolic
delivery of the STING agonist DMXAA. Physicochemical properties
of drug molecules and carriers, such as surface chemistry, hydro-
phobicity, and shape, are reported to influence the cellular uptake
process (32). Generally acknowledged, the surface charge is another
limiting factor for cellular uptake. Most STING agonists under study,
such as DMXAA with a carboxyl group and cyclic dinucleotides
with phosphate residues, are negatively charged molecules, thus
leading to a slow rate of membrane permeation. Cationic polymers
and lipids have been widely used for delivering therapeutic nucleic
acids into cells. Cationic polymers, such as poly(2-dimethylamino-
ethyl methacrylate) and poly(B-amino esters), can condense and
neutralize the negatively charged nucleic acids and thus enhance
their cellular entry (32). Shae et al. (22) developed an endosomolytic
polymersome containing DEAEMA for enhanced cytosolic delivery
of cyclic GMP-AMP (cGAMP), in which the DEAEMA group con-
tributed to the pH-responsive endosomal escape. In our study, the
main function of the tertiary amine-containing DEAEMA group should
provide a positive charge for effective DMXAA encapsulation and
cellular internalization of the nanoparticles. The PEGylation pro-
cess was conducive to improve the blood circulation of nano-
particles and lessen plasma protein binding caused by DMXAA.

Although DMXAA was released from PS3D1@DMXAA faster
than SN38, the proper EE and rapid tumor accumulation could ful-
fill the requirement of tumor-targeted and cytosolic delivery in vivo.
According to a previous report (19), the ideal particle size (30 nm)
of PS3D1@DMXAA could endow the particle with deep tumor
penetration ability and improved therapeutic efficacy. Compared to
normal tissues and plasma, tumor cells overproduced a high level of
glutathione (2 to 8 mM) (33), which further enhanced the tumor-
targeted release of SN38 from the redox-responsive, prodrug-forming
nanoparticles. The particles would play minor toxicity on DCs ow-
ing to limited SN38 degraded from SN38 prodrug for an extremely
low level of glutathione (<0.1 mM) in the DCs (34). Therefore, the
designed nanodelivery systems could alleviate chemotherapy-related
side effects, which help support healthy immune function.

Of note, we found a potential function of PS3D1 nanoparticles
to modulate immunosuppressive tumors by enhancing CD103* DC
infiltration into the TME via the up-regulation of chemokine CCL4.
The deficiency of CD103* DCs in the TME of poorly immunogenic
tumors consists of a limiting factor for successful T cell infiltration
(35). We also detected enhanced intratumor secretion of chemokines
CXCL9/CXCL10 in the mice treated with PS3D1@DMXAA, which
mediates the further attraction of cytotoxic CD8" effector T cells, key
factors for reinforced antitumor activity (35). Although irinotecan
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is not a confirmed immunogenic cell death (ICD) inducer, it has
been reported that irinotecan treatment increased the release of
high-mobility group box1 protein (HMGBL1), which is one of the
important events of ICD. Previous report shows that irinotecan-
treated tumor cell supernatant (36) and cellular debris (37) promoted
the maturation of cocultured DCs (up-regulated surface expression
of CD80 and CD86), which is consistent with our in vivo data that
PS3D1 alone elicited a modest DC maturation. However, irinotecan-
treated cellular debris failed to induce DC expression of IFN-f, an
essential ICD-associated primary signal for T cell cross-priming (37),
which is consistent with our in vivo data. In addition, PS3D1-driven
stimulation of DCs was insufficient for eliciting strong DC migration to
the tdLNs for antigen cross-presentation and antigen-specific T cell
cross-priming. Together, these suggested that irinotecan and its ac-
tive metabolite SN38 probably induced an unidentified ICD-like cell
death, which was probably distinct from classical ICD and needs to
be further investigated. Type I IFNs have been reported to promote
DC migration toward lymph nodes for T cell cross-priming (38). As
expected, introducing DMXAA into this nanoplatform promoted
the production of type I IFNs and produced much more profound
cross-priming of antitumor T cell immunity and robust therapeutic
benefits against B16-melanoma, primary colon cancer, and lung
metastasis of 4T1 breast tumor, indicating the synergistic function
between PS3D1 and STING agonist. Furthermore, PS3AD1@DMXAA
treatment increased the expression of CCL5 and CXCL9 in tumors,
which was reported to correlate with the increased cytotoxic T cell
infiltration and the response to ICB therapy (39). Here, we also
showed that PS3D1@DMXAA cooperated with anti-PD-1 therapy
to confer an optimal therapeutic benefit in poorly immunogenic
B16-melanoma.

The immunological mechanism study demonstrates that
PS3D1@DMXAA amplifies the stimulatory activity of DMXAA and
triggers a shift to a hot TME through a series of immunologically
relevant events: (i) PS3D1-induced tumor cell death and DC matu-
ration; (ii) enhanced CD103" DC infiltration by PS3D1-mediated
chemokine CCL4 secretion; (iii) STING-type I IFN activation that
further reinforces the CD103" DC-driven cross-priming of antitumor
CD8" T cell immunity; (iv) tumor infiltration of TAA-specific CD8"
T cells induced by CXCL9/CXCL10; and (v) TAA-specific CD8"
T cell-promoted tumor destruction, eventually propagating the re-
sponse (Fig. 6I), highlighting the rationale of antitumor two-in-one
nanoparticles combining chemo-immunotherapy. In summary, the en-
gineered nanosystem not only supplies a paradigm for overcoming
the obstacles for using STING agonists as promising anticancer
immunotherapies but also offers a rational design of an effective
immunotherapy combination regimen, which is one of the top chal-
lenges in cancer immunotherapy (40).

MATERIALS AND METHODS

Materials

Unless otherwise stated, organic solvents were of reagent grade
and purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Dichloromethane (CH,Cl), 1,4-dioxane, and
pyridine were dehydrated by treatment with 4-A molecular
sieves. 4-Dimethylaminopyridine, hydroxyethyl methacrylate,
3,3'-dithiodipropionic acid, 2-phenylethanethiol, sodium hydride (60%
dispersion in mineral oil), 4,4-azobis(4-cyanopentanoicacid), iodine,
DEAEMA, DMXAA (ASA404, Vadimezan), and azodiisobutyronitrile were

110f 15

0202 ‘0E JaqWanoN uo /610" Bewasualos saoueApe//:dny wolj papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

purchased from Energy Chemical Reagent Co. Ltd. (Shanghai, China).
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC-HCI), PEG methyl ether (M, = 5000 Da), and N,N’-
dicyclohexylcarbodiimide were purchased from Aladdin (Shanghai,
China). 7-Ethyl-10-hydroxycamptothecin (SN38) was purchased
from Xi’an Xindifu Science and Technology Co. Ltd. (Xi’an, China).
All the solvent was used as received.

Fabrication of nanoparticles

All the nanoparticles described were prepared similarly as follows.
For fabrication of single polymer nanoparticles, 10 mg of PEG-b-
PSN38, PEG-b-PDEA, or PEG-b-PSN38-b-PDEA was dissolved in
1 ml of dimethyl sulfoxide (DMSO), and later, the polymer solution
was dropwise added into 5 ml of water under vigorous stirring. After
stirring for 10 min, the solution was dialyzed against water for
12 hours and concentrated before use. For fabrication of DMXAA-
loaded polymer nanoparticles, 10 mg of the polymer mentioned
above and 2 mg of DMXAA were dissolved in 1 ml of DMSO and
dropwise added into 5 ml of water under vigorous stirring. Then,
we repeated the same steps as mentioned above. To measure the
distribution of particle size and zeta potential, the prepared samples
were diluted in 10 mM PBS of the appropriate pH and characterized
on Malvern Zetasizer Nano-ZS. The loaded amount of DMXAA was
determined via high-performance liquid chromatography (HPLC).
The drug EE and DLE were calculated using the equations below.

Amount of loaded DMXAA
The total amount of DMXAA in feed

EE (%)= x 100%

Amount of loaded DMXAA

DLE (%)=
(%) The total amount of DMXAA - loaded nanoparticles

x 100%

Fabrication of PS3D1@TBF and PS3D1@Cy5

TBF or Cy5-loaded nanoparticles (PS3D1@TBF and PS3DQ@Cy5)
were prepared similarly. In brief, 1 mg of PEGsy-b-PSN38, 5x-b-
PDEA, 5 (PS3D1), 0.15 mg of DMXAA, and 0.05 mg of TBF (or
0.01 mg of Cy5) were dissolved in 0.1 ml of DMSO and then dropwise
added into 0.5 ml of water under vigorous stirring. After stirring for
10 min, the solution was ultrafiltrated to remove free micromolecules
and DMSO using a centrifugal ultrafiltration tube (molecular weight
cutoff, 10 kDa).

Cellular uptake of encapsulated DMXAA

DC2.4 and B16.F10 cells were plated at a density of 2 million per
well in 148-cm? culture dish. Cells were treated with PS3D1@DMXAA
or DMXAA (25 pg/ml) for the indicated times (2 and 6 hours), re-
spectively. Then, the culture medium was removed, and the cells in
each well were rinsed with PBS for at least three times (DC2.4 cells)
or four times (B16.F10 cells). Subsequently, the cells were collected
and counted via Countstar, and 20 million cells were used for
DMXAA extraction. The intracellular DMXAA was extracted by
adding 300 pl of methanol to the cell pellet, and the mixture was
ultrasonicated for 30 min and centrifuged. The concentration of
DMXAA in supernatant was determined via HPLC.

Indirect quantitative uptake of encapsulated drug

DC2.4 and B16.F10 cells were plated at a density of 50,000 and
100,000 cells per well, respectively, in the confocal dish. Cells were
treated with PS3D1@TBEF, free TBF, PS3D1@Cy5, and free Cy5 for

Liang et al., Sci. Adv. 2020; 6 : eabc3646 28 August 2020

indicated times. Then, the culture medium was removed, and the cells
in each well were rinsed with PBS. The cell nucleus was stained with
Hoechst 33342 (Thermo Fisher Scientific, R37605) in PBS, and the cells
were imaged with a confocal laser scanning microscope (Nikon Al).
The intensity of the fluorescence inside cells was analyzed by Image].

In vitro cellular experiments

B16.F10, B16-OVA, and 4T1-Luci cells were cultured according to
the manufacturer’s specifications. DC2.4 cells were cultured in RPMI
medium supplemented with 10% FBS and penicillin-streptomycin
at 37°C with 5% CO,. BMDCs were generated from bone marrow
cells flushed from the femurs of C57BL/6] mice and were cultured
in the DC medium: RPMI 1640 (Gibco) supplemented with 10% FBS
(Gibco), sodium pyruvate (Gibco), granulocyte-macrophage colony-
stimulating factor (GM-CSF) (20 ng ml} BioLegend), interleukin-4
(IL-4) (10 ng ml™ BioLegend), 2 mM r-glutamine (Gibco), 20 uM
2-mercaptoethanol (Gibco), penicillin-streptomycin (Gibco), 1x
nonessential amino acids (Gibco), and 10 mM Hepes (Gibco). The
medium was half replaced two times a week. On day 7, nonadherent
and loosely adherent cells were the immature BMDCs.

DC2.4 cells and BMDCs were collected and plated in a 24-well
plate at 1 million cells per well for 24 hours and were then incubated
with PS3D1, PS3D1@DMXAA, or the physical mixture of PS3D1
and DMXAA with indicated dosages for indicated times. Then, the
cells were collected and the Ifnb and Cxcl10 mRNA expression lev-
els were analyzed by qPCR.

Tumor growth models

Female C57BL/6 and BALB/c mice were purchased from Shanghai
SLAC Laboratory Animal Co. Ltd. Animal experiments were con-
ducted with the approval of the Zhejiang University Experimental
Animal Welfare and Ethics Committee under Institutional Animal
Care and Use Committee guidelines. Murine B16.F10 melanoma
cells or B16-OVA cells (5 x 10°) suspended in 100 pul of PBS were
subcutaneously injected into the left flank of each C57BL/6 mouse,
IENAR™, or IEFNAR*® mice maintained on a C57BL/ 6] background to
develop the melanoma model. To develop the spontaneous meta-
static orthotopic murine breast cancer model, murine breast cancer
4T1-Luci cells (5 x 10°) suspended in 100 ul of PBS were injected
into the breast pad of each BALB/c mouse. Spontaneous metastases
occurred in about 3 weeks. Mice with tumors reaching ~100 mm?>
were treated with free DMXAA, PS3D1, a physical mixture of DMXAA
with PS3D1, or PS3D1@DMXAA through intravenous injection
every other day for five times at injection doses of 10 mg kg™' SN38
and 8 mg kg™' DMXAA. For anti-PD-1 administration, anti-PD-1
antibody was intraperitoneally injected at a dose of 100 mg kg ™" for
three times 3 days apart. Tumor growth and mouse body weights
were monitored for two to three times a week. The tumor size was
estimated using the following formula: length x width* x 0.5.

Real-time qPCR for gene expression analysis

Tumors were taken from groups of mice after the last administra-
tion. For the in vitro study, BMDCs were cultured and treated as
mentioned above. Total RNA of tumors or cells was extracted with
TRIzol (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Complementary DNAs were reverse-transcribed from
RNA using M-MLV reverse transcriptase (Takara). The quantification
of gene transcripts was performed by real-time PCR using SYBR
Green master mix (Vazyme) and a 480I1 real-time PCR system
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(Roche). B-Actin served as an internal control in mice for standard-
ization between samples and relative mRNA levels of target genes.
The fold change of target gene was calculated using the 222 method.
The specific primers for individual genes are shown in the Supple-
mentary Materials.

Flow cytometric analysis of B16-melanoma TME and tdLN
B16.F10 tumor-bearing C57BL6/] mice were treated as before on
day 14 after the treatment tumors were harvested and digested with
collagenase (1 mg ml™'; Sigma-Aldrich), hyaluronidase (1 mg ml™};
Sigma-Aldrich), and deoxyribonuclease (DNase) (30 U ml™ Sigma-
Aldrich) in Dulbecco’s modified Eagle’s medium with 5% FBS for
30 min at 37°C, and then the cells were filtered through nylon mesh
filters. The single-cell suspension was then diluted to a concentra-
tion of 1 x 10’ cells ml™* in PBS containing 0.5% bovine serum albu-
min for subsequent staining for flow cytometric analysis of different
cell populations. First, 100 pl of cell suspension was treated with
FcX (BioLegend, clone 93, catalog no. 101320) according to the
manufacturer’s specifications, and the samples were stained with
different panels of the following fluorescent antibodies. To analyze
T cells, Pacific Blue anti-mouse CD45 (BioLegend, clone 30-Fl11,
catalog no. 103126), allophycocyanin (APC) anti-mouse CD3
(BioLegend, clone 17A2, catalog no. 100236), phycoerythrin (PE)
anti-mouse CD8 (BioLegend, clone 53-6.7, catalog no. 100707),
APC/Cy7 anti-mouse CD4 (BioLegend, clone GK1.5, catalog no. 100414),
and PE-Cy7 anti-mouse nk1.1 (BioLegend, clone PK136, catalog
no. 108714) were used. CD8" T cells were CD45"CD3"CD4 CD8*
cells, CD4" T cells were CD45"CD3"CD4"CDS8 cells, and natural
killer cells were CD45"CD3"NK1.1" cells. For analysis of myeloid
cell populations, Pacific Blue anti-mouse CD45 (BioLegend, clone
30-F11, catalog no. 103126), PE mouse/human CD11b (BioLegend,
clone M1/70, catalog no. 101208), APC/Cy7 anti-mouse F4/80 anti-
body (BioLegend, clone BM8, catalog no. 123117), Brilliant Violet
650 anti-mouse CD206 (BioLegend, clone C068C2, catalog no.
141723), APC anti-mouse Ly-6C (BioLegend, clone HK1.4, catalog
no. 128015), and fluorescein isothiocyanate (FITC) anti-mouse
Ly-6G (BioLegend, clone 1A8, catalog no. 127606) were used.
m-MDSCs were CD45"CD11b"Ly6c'Ly6g™ cells, g-MDSCs were
CD45*CD1 le’Ly6c+Ly6?+SSChl cells, neutrophils were CD45"
CD11b*Ly6c*Ly6g*SSC™ cells, and macrophages (M®) were
CD45"CD11b"F4/80" cells. For DCs and DC maturation analysis,
Pacific Blue anti-mouse CD45 (BioLegend, clone 30-F11, catalog
no. 103126), APC/Cy7 anti-mouse I-A/I-E (BioLegend, clone
M5/114.15.2, catalog no. 107627), Alexa Fluor 488 anti-mouse CD80
(BioLegend, clone 16-10A1.15.2, catalog no. 104715), and APC anti-
mouse CD86 (BioLegend, clone GL-1, catalog no. 105012) were
used. DCs were CD45"CD11c¢"MHC-IT" cells.

For CD103" DC analysis, mice were treated as before on day 14
after the treated lymph nodes were collected from mice and homog-
enized into single-cell suspensions. Pacific Blue anti-mouse CD45
(BioLegend, clone 30-F11, catalog no. 103126), PE/Cy7 anti-mouse
CDllc (BioLegend, clone N418, catalog no. 117318), APC anti-
mouse I-A/I-E (BioLegend, clone M5/114.15.2, catalog no.107614),
PE anti-mouse CD8a (BioLegend, clone 53-6.7, catalog no. 100707), and
Brilliant Violet 605 anti-mouse CD103 (BioLegend, clone 2E7, catalog
no. 121433) antibodies were used.

For intracellular cytokine analysis, 2 x 10° tumor cells were seeded
in a six-well plate in 1 ml of dulbecco’s modified eagle medium (DMEM)
containing 10% FBS and supplemented with a phorbol 12-myristate
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13-acetate (PMA)/ionomycin/brefeldin A cocktail (BioLegend) for
6 hours according to the manufacturer’s protocols. Then, the cells were
washed and stained with Pacific Blue anti-mouse CD45 and PE/Dazzle
594 anti-mouse CD3e antibody (BioLegend, clone 17A2, catalog
no. 100246), PE/Cy7 anti-mouse CD8a (BioLegend, clone 53-6.7,
catalog no. 100722), and APC/Cy7 anti-mouse CD4 (BioLegend, clone
GK1.5, catalog no. 100414), and then the cells were fixed with fixation
buffer (BioLegend) and subsequently stained intracellularly with APC
anti-mouse IFN-y (BioLegend, clone XMG1.2, catalog no. 505810)
in the Intracellular Staining Permeabilization Wash Buffer (BioLegend).
The antibodies were diluted following the manufacturer’s protocols.

Flow data were acquired on an ACEA Novocyte flow cytometer
(ACEA Biosciences Inc., San Diego, CA, USA) or a CytoFLEX LX
flow cytometer (Beckman Coulter, Brea, CA, USA), and data were
analyzed using ACEA NovoExpress software (ACEA Biosciences Inc.,
San Diego, CA, USA) or CytExpert software (Beckman Coulter,
Brea, CA, USA).

TAA-specific T cell analysis

B16-OVA tumor-bearing C57BL6/] mice were treated with differ-
ent administrations, and on day 7 after the first treatment, tumor
cells were harvested as before. Spleens were collected from mice and
homogenized into single-cell suspensions and then treated with the
ACK Lysing Buffer (Gibco). Tumor cells and splenocytes were
treated with FcX and then stained with Pacific Blue anti-mouse
CD45 (BioLegend, clone 30-F11), PE anti-mouse CD3 (BioLegend,
clone 17A2), anti-CD8 (mouse) monoclonal antibody (mAb)-FITC
(MBL Life Science, clone KT15), and T-Select H-2K? OVA tetramer-
SIINFEKL-APC (MBL Life Science, catalog no. TS-5001-2C) for flow
cytometric analysis.

For tumor antigen restimulation analysis, 2 x 10° splenocytes
were seeded in a 12-well plate in 1 ml of DMEM containing 10% FBS
and supplemented with H-2Kb OV A peptide (5 ug ml™'; 257-264)
(MBL Life Science, catalog no. TS-5001-P) for 6 hours. Then, the
cells were washed, stained with FITC-anti-mouse CD45 (BioLegend,
clone 30-F11, catalog no. 103107) and APC/Cy7 anti-mouse CD8a
(BioLegend, clone 53-6.7, catalog no. 100714), fixed with fixation
buffer (BioLegend), and subsequently stained intracellularly with
Alexa Fluor 647 anti-mouse granzyme B (BioLegend, clone GB11,
catalog no. 515406) and PE/Cy7 anti-mouse CD107a (LAMP-1)
(BioLegend, clone 1D4B, catalog no. 121619) in the Intracellular
Staining Permeabilization Wash Buffer (BioLegend) for flow cyto-
metric analysis. The antibodies were diluted following the manufac-
turer’s protocols.

For the analysis of granzyme B protein level in the cellular super-
natant, 2 x 10° splenocytes were seeded in each well of the 96-well
plate in 0.2 ml of DMED medium containing 10% FBS and supple-
mented with H-2Kb OVA peptide (5 ug ml™'; 257-264) (MBL Life
Science, catalog no. TS-5001-P) for 24 hours. The cell supernatant
was collected and analyzed with the Granzyme B Mouse ELISA Kit
(Invitrogen, catalog no. BMS6029) following the manufacturer’s
protocols.

IFN-y ELISpot analysis

Splenocytes (2 x 10°) from mice treated with different administra-
tions on day 7 were seeded in each well of the 96-well IFN-y pre-
coated plate in 0.2 ml of RPMI 1640 medium containing 10% FBS
and supplemented with H-2Kb OVA peptide (5 ug ml™'; 257-264)
(MBL Life Science, catalog no. TS-5001-P) for 24 hours, and then
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IFN-v spots were analyzed using the Mouse IFN-y Precoated ELIS-
POT Kit (Dakewei, Shenzhen, China, catalog no. 2210005) follow-
ing the manufacturer’s protocols.

In vivo bioluminescence analysis

At different times after the administration of different treatments,
4T1-Luci breast tumor-bearing mice were injected intraperitoneally
with 0.2 ml of p-luciferin (10 mg ml™") and were then anesthetized
with 1.5% isoflurane in oxygen in a ventilated anesthesia chamber
and imaged 5 min after the injection with an in vivo imaging system
(IVIS, PerkinElmer). Lung metastatic tumor formation was moni-
tored by the bioluminescence signal.

Cytokine and chemokine analysis

The levels of cytokines in tumor supernatants or serum were mea-
sured by LEGENDplex Multi-Analyte Flow Assays (BioLegend).
LEGENDplex Mouse Inflammatory Panel Mix and Match Subpanel
contains IFN-y (catalog no. 740153), TNF-a (catalog no. 740154),
and IFN-B (catalog no. 740162).

The levels of chemokines in tumor supernatants were measured
by LEGENDplex Multi-Analyte Flow Assays (BioLegend) Mouse
Proinflammatory Chemokine Panel (13-plex) with V-bottom
Platel3-plex (catalog no. 740451). Methods were performed as rec-
ommended by the manufacturer. The analysis was performed using
a Cytoflex flow cytometer (Beckman Coulter, Krefeld, Germany).
Data were analyzed using LEGENDplex V8.0 software (BioLegend).

Histology and immunofluorescence analysis
Immunohistochemistry of mouse colonic or lung sections and im-
munofluorescence staining of CD8a and IFN-f in the B16-melanoma
tumors were performed in the Histomorphology Platform, Zhejiang
University, with the standard protocol. For immunofluorescence
staining of CD8a, the Alexa Fluor 647 anti-mouse CD8a (BioLegend,
catalog no. 100724, 1:50) antibody was used. For immunofluores-
cence staining of IFN-p, an IFN-f primary antibody (Thermo Fisher
Scientific, catalog no. PA5-20390, 1:50) and an Alexa Fluor 647-
labeled second antibody (BD Co., A0468, 1:100) were used. Fluores-
cence images were acquired with a confocal microscope (Nikon A1).

Statistical analysis

The data were analyzed using GraphPad Prism software, version 8.0
(https://graphpad.com/scientific-software/prism). Data are presented
as means * SD unless otherwise indicated. Survival analysis was per-
formed by the log-rank test. Difference was considered to be signifi-
cant if P < 0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/35/eabc3646/DC1

View/request a protocol for this paper from Bio-protocol.
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