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ABSTRACT

Immunostimulatory therapies based on pattern recognition receptors (PRRs) have emerged as an effective approach in the fight
against cancer, with the ability to recruit tumor-specific lymphocytes in a low-immunogenicity tumor environment. The agonist
cyclic dinucleotides (CDNs) of the stimulator of interferon gene (STING) are a group of very promising anticancer molecules that
increase tumor immunogenicity by activating innate immunity. However, the tumor immune efficacy of CDNs is limited by several
factors, including relatively narrow cytokine production, inefficient delivery to STING, and rapid clearance. In addition, a single
adjuvant molecule is unable to elicit a broad cytokine response and thus cannot further amplify the anticancer effect. To address
this problem, two or more agonist molecules are often used together to synergistically enhance immune efficacy. In this work, we
found that a combination of the STING agonist CDGS" and the Toll-like receptor 7/8 (TLR7/8) agonist 522 produced a broader
cytokine response. Subsequently, we developed multicomponent nanovaccines (MCNVs) consisting of a PC7A polymer as a
nanocarrier encapsulating the antigen OVA and adjuvant molecules. These MCNVs activate bone marrow-derived dendritic cells
(BMDCs) to produce multiple proinflammatory factors that promote antigen cross-presentation to stimulate specific antitumor T-
cell responses. In in vivo experiments, we observed that MCNVs triggered a strong T-cell response in tumor-infiltrating
lymphocytes, resulting in significant tumor regression and, notably, a 100% survival rate in mice through 25 days without other
partnering therapies. These data suggest that our nanovaccines have great potential to advance cancer immunotherapy with
increased durability and potency.
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antitumor immunity. This has prompted an urgent need to
rationally design new strategies to enhance the immune activity of

1 Introduction

Cancer immunotherapy, representing a promising method for the
treatment of cancer, has been extensively developed in recent
years [1-3]. Immunotherapy utilizes the patient’s immune system
to treat cancer and elicits an effective and durable anticancer
immune response. Immune checkpoint blockade (ICB) [4, 5] and
cancer vaccination [6-13] are among the methods that have been
successful in improving patient survival in the clinic. However,
because tumors have multiple mechanisms of immune
escape [14], there are few patients who respond positively to
immunotherapy. The above issues have stimulated a surge in
research to increase the proportion of people who benefit from
immunotherapy [15,16]. Clinical statistics show that patient
survival is correlated with tumor specific T cells infiltration into
the tumor microenvironment (TME), which become reactivated
in response to immunostimulatory molecules [17, 18]. However,
many patient tumors lack significant T cell infiltration and are
replaced by immunosuppressive cells, which sharply limits

the tumor microenvironment in order to restore antitumor T cell
responses.

Pattern recognition receptors (PRRs) are present on innate
immune cells, which detect danger-associated molecular patterns.
Synergistic activation of PRRs has been explored as a promising
cancer therapeutics to generate an amplified immune
response [19]. Many recent studies have demonstrated that the
cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-
STING) pathway plays an important role in the induction
of T cells against cancer [20-23]. The STING pathway can be
activated by 2',5-3'5' cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) or cyclic di-GMP (CDG) [24,25].
Activation of STING triggers type I interferon (IFN-B) and
associated proinflammatory cytokines that promote dendritic cell
activation and cross-presentation of tumor antigens, subsequently
stimulating antitumor T cells [26,27]. The importance of the
STING pathway for the induction of antitumor T cell immune
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responses has revealed cGAMP and structurally related cyclic
dinucleotides (CDNs) as promising agents for cancer
immunotherapy [28-48]. Despite the great success of STING
agonists in preclinical work, recent studies have found that CDN
elicits low levels of IL-1pB [49, 50], IL-12p70 [51, 52], and IL-6 [53].
However, these three cytokines contribute to the induction of a
robust and sustained immune response [53-58]. These cytokines
may be produced when Toll-like receptor (TLR) pathways are
activated. Therefore, simultaneous activation of the TLR and
STING pathways may amplify the antitumor immune response of
CDNs. In the present work, we attempted to identify a
combination of adjuvant molecules with CDN derivatives that
triggers a broader range of cytokines. We subsequently found that
the combination of a Toll-like receptor 7/8 (TLR7/8) agonist (522)
with STING adjuvant (CDG") triggered an immune response that
met our expectations. This result is consistent with a previous
report that coactivating of TLR7/8 and STING elicit both IL-1p
and IL-12p70 [44]. However, the mechanism of the synergistic
effect is not known and this synergistic system has not been
applied to cancer vaccines. In this work, we studied the
mechanism underlying the synergistic effect and applied it to the
antitumor vaccine.

Furthermore, although CDNs induce considerable antitumor
inflammation [20], their therapeutic efficacy is greatly reduced in
the absence of appropriate carriers [45]. Due to the high water
solubility and electronegative properties of CDNS, it is difficult for
them to cross the cell membrane and activate cytoplasmic
STING [45]. Thus, selection of a suitable delivery system is very
important to enhance the immunotherapeutic efficacy of CDNs
and 522. Adaptive immunity is known to be highly dependent on
the efficient trafficking or drainage of antigens to the lymph nodes
and the subsequent presentation of processed antigenic
information to B and T lymphocytes [59,60]. Therefore, LNs
have served as key targets for delivery of antigens and
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adjuvants [61,62]. To further enhance the effect of cancer
immunotherapy, we aimed to deliver immune components such
as CDNs and 522 to secondary lymphoid tissues. Combining
nanotechnology with vaccine therapy can improve the targeting
ability of each immune component while reducing its side
effects [63]. This offers the possibility to amplify the antitumor
immune response. Recently, Gao et al. demonstrated that a
cationic polymer (PC7A) with lymph node targeting properties
disrupts endosomes and interacts with STING to trigger its
activation [47, 64-71]. Hence, the PC7A polymer was chosen as
the carrier of the vaccine component.

Here we show that the STING agonist CDG™ [48] synergized
with the TLR7/8 agonist 522 [72] to elicit a strong immune
response, representing a  promising combination  of
immunostimulants. We subsequently investigated the immune
synergistic mechanism between CDG™ and 522, and found that
the synergistic effect of STING and TLR7/8 agnoists markedly
enhance the function of antigen-presenting cells (APCs) through
the NF-xB P65 and TBK-1 signalling pathways. Using a
nanoparticle (NP) strategy, the above two adjuvants and tumor
antigens were assembled into 50 nm PC7A NPs to obtain
multicomponent nanovaccines (MCNVs) (Fig. 1(a)). Through
subcutaneous immunization, MCNVs targeted inguinal lymph
nodes and enhanced tumor-specific IFN-y* CD8" T cell responses
(Fig. 1(b)), producing excellent therapeutic effects in a mouse
model of melanoma. Due to their obvious tumor suppressive
effects, the MCNV system represents a general platform for tumor
immunotherapy.

2 Experimental

2.1 Materials
CDG™ [48], PC7A polymer nanoparticles [64], and 522 [73] were
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Figure1 Fabrication and antitumor immune responses of MCNVs. (a) MCNVs were prepared following a solvent evaporation method [65, 66]. (b) Schematic

depiction of MCNVs carrying adjuvants and OVA epitopes into lymph nodes, effectively modulating adaptive and innate immune responses for cancer
immunotherapy. (c) Mechanism of immune synergy between CDG¥ and 522. When MCNVs are taken up by APCs, they disassemble within the endosomal
compartment in response to low pH conditions, causing subsequent release of 522, CDG¥, and OVA. Then, 522 activates TLR7/8 on the endosomal membrane and
CDG" stimulates STING in the cytoplasm, promoting APC maturation and antigen presentation. We further demonstrate that 522 and CDG" synergistically enhance

the function of APCs through the NF-«B P65 and TBK-1 signalling pathways.
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synthesized according to the reported literature. All compounds
were consistent with the data reported in the literature. 2-
Aminomalononitrile  4-methylbenzenesulfonate, ~ 2-amino-4-
(methoxycarbonyl)benzeneboronic acid hydrochloride, CH,I,,
PPh3, and trimethyl orthovalerate were purchased from
Meryer (Shanghai, China). Pd(OAc), and NEt; were purchased
from Adamas. DL-1l-amino-2-propanol was purchased
from  Acros.  Methacryloyl ~ chloride,  N,N,N'N",N"-
Pentamethyldiethylenetriamine, ~ 1H-azepine-1-ethanol,  and
copper(I) bromide were purchased from Innochem. All amino
acids and resins were purchased from GL Biochem (Shanghai,
China) Ltd. Fetal bovine serum (FBS) was purchased from Gibco
Life Technologies. CpG oligonucleotide and polyinosinic-
polycytidylic acid (poly(I:C) (low molecular weight) was
purchased from Invivogen. Penicillin-streptomycin  and
fluorescein5(6)-isothiocyanate were purchased from Sigma-
Aldrich. RPMI-1640 and phosphate-buffered saline (PBS, pH 7.4)
were purchased from Corning. All chemicals used in the
experiments were obtained from commercial sources and used
without further purification. All solvents were of reagent/high-
performance liquid chromatography (HPLC) grade.

2.2 Enzyme-linked immunosorbent assay (ELISAs) kits

IL-1pB, IL-12p70, IL-6, TNF-a, CXCL10, IFN-y, and IFN-B were
purchased from DAKEWA. MyD88, NF-«B P65, and TBK-1 were
purchased from ELISA Genie.

2.3 Synthesis of CDG*, 522, PC7A, and antigen peptides

The detailed synthetic procedures were descripted in the
Electronic Supplementary Material (ESM).

24 Preparation and characterization of MCNVs
The detailed procedures were descripted in the ESM.

2.5 Cells and animals experiments

Bone marrow-derived dendritic cells (BMDCs) and B16-OVA cell
line were cultured in RPMI-1640 (10% heat-inactivated FBS,
100 pg/mL streptomycin and 100 U/mL penicillin). Preparation of
BMDCs, bone marrow were removed from female C57BL/6 mice
(6 weeks), treated with erythrocyte lysate and cultured with RPMI
1640 complete medium (10% heat-inactivated FBS, 100 pg/mL
streptomycin, 100 U/mL penicillin, and 20 ng/mL GM-CSF). The
medium was replenished on day 3, half the volume of the old
medium was replaced with fresh medium on day 6, and BMDCs
were harvested on day 9. All animal experiments were performed
according to the institutional guidelines for animal welfare and
were approval by the Institutional Animal Care and Use
Committee (IACUC) at Tsinghua University. The laboratory
animal facility has been accredited by Association for Assessment
and Accreditation of Laboratory Animal Care International
(AAALAC). Female C57BL/6 mice were obtained and housed in a
facility of the Center of Biomedical Analysis at Tsinghua
University.

2.6 In vitro evaluation of MCNVs activity

For in vitro screening of CDG™ with pathogen-associated
molecular pattern (PAMPs), BMDCs were treated with PBS,
CDG* (1 pg/mL), 522 (1 pg/mL), poly(L:C) (10 ug/mL), CpG
(1 pg/mL), CDG™ (0.5 pg/mL) + poly(:C) (5 ug/mL), CDG*
(0.5 pg/mL) + CpG (0.5 pug/mL), CDG* (0.5 pg/mL) + 522
(05 pg/mL), CDG*@PC7A (13.1 pg/mL), 522@PC7A
(164 pg/mL), and CDG¥@PC7A (13.1 pg/mL) + 522@PC7A
(16.4 pg/mL), respectively. The cell supernatants were collected
after 24 h of incubation and analyzed for IL-1B, IL-12p70, IL-6,
TNF-a, CXCL10, IFN-B, MyD88, NF-«xB P65, and TBK-1
ELISA kits.
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We assessed whether the introduction of the polymer affected
the immunostimulatory function of CDG™ and 522. BMDCs were
incubated for 24 h with PBS, OVA, OVA@PC7A, CDG™ + 522 +
OVA, CDG* OVA@PC7A, 522 OVA@PC7A, and MCNVs.
(OVA: 1 pug/mL, CDG™: 0.5 pg/mL, 522: 0.5 pg/mL). The cells and
cell supernatants were collected after 24 h of incubation and
analyzed by flow cytometry or with IL-1B, IL-12p70, IL-6, TNF-a,
CXCL10, and IFN-B ELISA kits. The surface markers of BMDCs
were then stained with fluorophore-labeled antibodies
(BioLegend) (PB-conjugated anti-CD1lc, PE-conjugated anti-
CD86, APC-conjugated anti-CD80, and PE/CY7-conjugated anti-
H-2K*/SIINFEKL antibodies).

2.7 In vivo fluorescence imaging

We next investigated whether MCNV's could target lymph nodes.
Female C57BL/6 mice (6-8 weeks) were subcutaneously injected
with various formulations at the tail base, including FAM-OVA
(50 pg per mouse), CDG™ (3.5 ug per mouse) + 522 (3.5 pg per
mouse), and CDG*@PC7A (91 pg per mouse) + 522@PC7A
(114.6 pg per mouse) in 100 pL injection volume. The migration
of MCNVs was imaged in vivo for 3 days (72 h) using an in vivo
imaging system (IVIS) spectrum imaging system (PerkinElmer).

2.8 In vivoimmune activation

To determine the activation of the LNs, mice were subcutaneously
immunized with various antigen-containing formulations,
including OVA-FAM (10 nmol per mouse), CDG™ (3.5 g per
mouse) + 522 (3.5 pg per mouse), and CDG*@PC7A (91 pg per
mouse) + 522@PC7A (114.6 ug per mouse) in 100 pL injection
volume. The inguinal LNs were collected at 24 h injection, and
lymphocytes were used for flow cytometry analysis (Fig. S8 in the
ESM). The surface markers of lymphocytes were then stained with
fluorophore-labeled antibodies (BioLegend) (PB-conjugated anti-
CDl1c, PE-conjugated anti-CD86, and APC-conjugated anti-H-
2K*/SIINFEKL antibodies).

C57BL/6] mice were subcutaneously immunized with
formulations as described. Seven days after the last immunization,
6 x 10° spleen cells per well were added into 24-well plates and
retreated with 50 pg/mL OVA for 96 h. The IFN-y in the cell
supernatants was assessed by using IFN-y ELISA kits
(DAKEWA). Splenocytes were collected for flow cytometry
analysis (Fig.S8 in the ESM) (APC-conjugated anti-CD3
(BioLegend), FITC-conjugated anti-CD8 (BioLegend), and PE-H-
2 kb/SIINFEKL tetramer (MBL) staining of CD8* T cells in the
spleen).

2.9 In vivo antitumor activity

To further investigate the antitumor effects of MCNVs, B16-OVA
tumor cells (1.5 x 10°, expressing the OVA epitope on the B16
tumor) were subcutaneously injected into the right side of 4 to 6-
week-old C57BL/6 mice (1 = 7). On day 10 posttransplantation,
the tumors reached 5 mm in diameter and the vaccines (OVA
(10 nmol per mouse), CDG™ (3.5 ug per mouse) + 522 (3.5 ug per
mouse), and CDG*@PC7A (91 pg per mouse) + 522@PC7A
(1146 pg per mouse) in 100 pL injection volume) were
subcutaneously injected into the peritumor area (Fig.7(a)).
Survival rate and tumor growth were monitored every other day
in all groups. Tumor volume: 0.5 x length x width’. Mice were
euthanized when the tumors reached 1.5 cm in length.
Splenocytes were prepared as described above. Tumor tissues were
collected and ground into single-cell suspensions for flow
cytometric analysis (Fig. S8 in the ESM). Tumor-infiltrating T cells
(TILs), splenocytes, and natural killer (NK) cells were stained with
several panels of antibodies (BioLegend): PerCP-Cy5.5-conjugated
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anti-CD45, APC-conjugated anti-CD3, PB-conjugated anti-CD4,
FITC-conjugated anti-CD8, APC/CY7-conjugated anti-NKI.1,
and PE-conjugated anti-CD69. For IFN-y analysis, TILs and
splenocytes were cultured in 24-well plates and stimulated with
OVA/ionomycin/brefeldin (BioLegend) for 4 h. The cells were
then stained with APC-conjugated anti-CD3, PB-conjugated anti-
CD4, and FITC-conjugated anti-CD8 antibodies. After fixation
and permeabilization, the cells were further strained with PE-
conjugated anti-IFN-y (BioLegend). To analyze the memory cells
of the spleen, splenocytes were stained with several panels of
antibodies  (BioLegend): ~APC-conjugated anti-CD3, PB-
conjugated anti-CD4, FITC-conjugated anti-CD8, PE-conjugated
anti-CD44, and PE/CY7-conjugated anti-CD62L.

3 Results and discussion

3.1 CDG* combined with 522 elicited a broader cytokine
response

Recently, a growing number of studies have demonstrated the
critical importance of activating STING and stimulating the
generation of type I IFN production in the antitumor immune
response [20-23]. However, despite this success, recent work has
found that activation of the STING pathway alone only produces a
relatively narrow range of cytokines and does not include some of
the cytokines that contribute to a robust and long-term antitumor

() (b)
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response, most notably IL-1p [49, 50], IL-12p70 [51, 52], and IL-6
[53], which play important roles in the generation of adaptive
immune responses [74, 75]. Therefore, in this work, we proposed
identifying complementary strategies to facilitate more powerful
activation of the STING pathway for antitumor immunity. We
aimed to identify PAMP adjuvants capable of generating a
complementary cytokine pool containing IL-1f, IL-12p70, and IL-
6. Among all PRRs, those related to nucleic acid recognition
(TLR3, TLR7/8, and TLR9) are located in intracellular
compartments, some of which have demonstrated synergistic
effects [76-79]. Therefore, we tested the STING pathway adjuvant
combination using several intracellular adjuvant molecules (TLR3
agonist poly(I:C) [80], TLR7/8 agonist 522 [72], and TLR9 agonist
CpG [81]). In follow-up work, we used the STING adjuvant
(thiophosphate and fluorine modification cyclic di-GMP
derivatives (CDG™¥)) we recently reported [48], which possesses
higher stability and immune reactivity in mice. BMDCs were
incubated with CDG™ alone or combined with different adjuvant
molecules.

Notably, to diminish dose-related activation effects, both
agonists were halved in the combination groups. Among the
groups of adjuvants examined, CDG™ + 522 induced the high
levels of IL-1p, IL-12p70, and IL-6, which were not achieved by
CDG" alone or in combination with poly(I:C) and CpG (Figs. 2(a)
and 2(b)). Similarly, the CDG" + 522 combination enhanced the
production of TNF-a compared to CDG™ alone (Figs. 2(c) and
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Figure2 Combined treatment of CDG* with various soluble adjuvants. BMDCs from C57BL/6 mice were treated with PBS, CDG" (1 pg/mL), 522 (1 ug/mL),
poly(I:C) (10 pg/mL), CpG (1 pg/mL), CDG¥ (0.5 pg/mL) + poly(I:C) (5 pg/mL), CDG* (0.5 pg/mL) + CpG (0.5 pg/mL), and CDG* (0.5 pg/mL) + 522 (0.5 pg/mL),
respectively. The cells and cell supernatants were collected after 24 h of incubation and analyzed for (a) IL-1f, (b) IL-12p70, (c) IL-6, (d) TNF-a, (e) CXCLI10, (f) IFN-B,
(g) MyD88, (h) NF-«B P65, and (i) TBK-1. The results are shown as the mean + SD of three independent experiments; ns: no significant difference, *p < 0.05,
**p <0.01, and **p < 0.001 by one-way analysis of variance (ANOVA) with Tukey’s test.
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2(d)). However, the dose of CDG" in the combination was half
that of CDG¥ alone, and there was some reduction in
proinflammatory CXCL10 and IFN-B cytokine release from
BMDCs after stimulation with CDG™ + 522 (Figs. 2(e) and 2(f)).

The above results indicate that CDGY + 522 effectively
improves the limitations of CDG¥. This combination was
therefore chosen for further immunostimulatory mechanistic
study. An increase in expression of the costimulatory molecule
CD86 is an essential condition for complete activation of T cells
and induces antitumor T cell activity. After incubating each group
with BMDC for 24 hours, the CDG*+522 group showed a higher
level of CD86 expression compared to the CDG™ group, but was
not significantly different from the 522 group (Fig. S1 in the ESM).
To further investigate the pathways involved in cytokine secretion,
the levels of MyD88, NF-«B P65, and TBK-1 in BMDCs
stimulated with CDG*™ and/or 522 for 24 h were measured by
ELISA kits. In the control groups, levels of MyD88, NF-«xB P65,
and TBK-1 remained at baseline. The CDG" + 522 group
stimulated BMDCs to express higher MyD88 than the control
group, but was not significantly different from the 522 alone
group (P65, and TBK-1 remained at baseline. The CDG™ + 522
group stimulated BMDCs to express higher MyD88 than the
control group, but was not significantly different from the 522
alone group (Fig. 2(g)). In contrast, levels of NF-xB P65 and TBK-
1 were highest in CDG™ + 522 group (Figs. 2(h) and 2(i)). These
results demonstrate that the synergy of STING and TLR7/8
ligands may enhance the function of DCs through the NF-«xB P65
and TBK-1 signalling pathways, confirming that CDG™ + 522 is a
promising combination of immunostimulants.

3.2 Preparation and characterization of MCNVs

Based on the above results, the two adjuvant molecules CDG* and
522 were chosen for subsequent immune study in this work.
However, CDN derivatives are negatively charged and highly
water-soluble, making it challenging for them to cross the cell
membrane to activate the STING pathway [45]. Furthermore,
systemic administration of immunostimulants disrupts immune
homeostasis at nontarget sites [82]. In contrast, nanodelivery
techniques effectively accumulate adjuvant molecules on specific
tissues or cells [63,83], reducing the toxic effects of adjuvants.
Secondary lymphoid tissue near the tumor contains a large
number of lymphoid T and B cells [59,60], representing a
promising nanodelivery strategy to enrich immunostimulants and
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tumor antigens in lymph nodes and subsequently stimulate
lymphocytes to eradicate cancer cells [61, 62]. Notably, Gao et al.
synthesized ultrapH-sensitive nanoparticles (PC7A NPs), that can
not only target lymph nodes, but also directly activate the STING
pathway [65]. In addition, PC7A NPs release immune
components by disassembling in the endosome under low pH
conditions [47,66]. Due to these above advantages, we chose
PC7A NPs as the carrier for our immunostimulants cocktail.
Herein, adjuvant molecules and PC7A are assembled under
sonication conditions to form NPs. The NPs were then mixed
with the OVA peptide for 30 min at room temperature, free OVA
was removed by ultrafiltration, and then MCNVs (CDG®
OVA@PC7A + 522 OVA@PC7A) were obtained (Fig. 1(a)).

MCNVs were approximately 80 nm at pH 7.4, as measured by
transmission electron microscopy, while NP dissolution was
observed at pH 4.7. This demonstrates that the PC7A polymer has
nanosized and pH-responsive capability (Fig. 3(a)). The adjuvants
and antigen encapsulation efficiency (EE%) were measured by
ultrafiltration method (Table S1 in the ESM). The internalization
of MCNVs in BMDCs was next investigated using flow cytometry.
MCNVs were labelled with OVA-carboxyfluorescein (MCNVs-
FAM) and incubated with BMDCs for 8 h. The results showed
that MCNVs increased the uptake of OVA-FAM by BMDCs
compared to the control and groups (Fig. 3(b)).

We next determined the ratio of CDGY@PC7A and
522@PC7A that produced optimal immunostimulatory activity.
BMDCs were treated with the indicated ratios of CDG*@PC7A
and 522@PC7A for 24 h, and BMDCs were subsequently tested by
flow cytometric analysis. We analyzed the surface expression of
costimulatory molecules and maturation receptors (CD86, CD80,
and CCR7). The data for CD86, CD80, and CCR7 showed that
the optimal immunostimulatory response occurred at a 1:1 weight
ratio of CDG¥@PC7A to 522@PC7A (Figs. S2(a)-S2(c) in the
ESM). Therefore, we used this ratio for subsequent experiments.

3.3 MCNVs enhances immunostimulatory functions in
BMDCs

We next assessed whether the introduction of the polymer affected
the immunostimulatory function of CDG™ and 522. BMDCs were
incubated with each group (OVA, OVA@PC7A, CDGY + 522 +
OVA, CDG* OVA-FAM@PC7A, 522 OVA@PC7A, and
MCNVs). Inflammatory cytokine experiments demonstrated that
MCNVs stimulation of BMDCs induced higher levels of IL-1p, IL-
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in BMDCs was detected by flow cytometry. BMDCs were treated with 1.2 ug OVA-FAM per well (OVA-FAM, OVA-FAM@PC7A, CDG* + 522 + OVA-FAM,
CDG" OVA-FAM@PC7A, 522 OVA-FAM@PC7A, and MCNVs-FAM). BMDCs were collected after 8 h of incubation and analyzed by flow cytometry
(%FAM'/CD11c"). Data are representative of three independent experiments, ns: no significant difference, *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA

with Tukey’s test.
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Figure4 MCNVs enhances immunostimulatory functions in BMDCs. BMDCs were incubated for 24 h with the indicated formulations. The amount of CDG¥ or
522 in each group was 0.5 pg/mL. Cytokines released ((a) IL-1p, (b) IL-6, (c) IL-12p70 , (d) TNF-a, (e) CXCL10, and (f) IFN-p) in BMDCs. Relative expression levels of
maturation markers ((g) OVA-MHC-], (h) CD86, and (i) CD80) expressed as the mean fluorescence intensity of each marker in BMDCs (CD11c + cells). Data are
representative of three independent experiments, ns: no significant difference, *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA with Tukey’s test.

6, IL-12p70, TNF-a, CXCL10, and IFN-p than the free adjuvants
and single adjuvant nanoparticles (Figs. 4(a)-4(f)). We previously
demonstrated that PC7A carriers contribute to the accumulation
of OVA antigens in cells, and further investigated the process of
antigen cross-presentation (Figs. 4(g)-4(i)). After 24 h of
incubation, we analyzed the cell surface expression of antigen
loaded major histocompatibility complex class I (OVA-MHC-I)
by flow cytometry. As shown in Fig.4(g), MCNV treatment
upregulated OVA-MHC-I compared to CDG™ + 522 + OVA,
indicating that the MCNV system significantly enhanced antigen
expression. In addition, MCNVs-treated cells also upregulated
OVA-MHC-I compared to CDG" OVA@PC7A and 522
OVA@PC7A, which further validated the synergistic effect of
CDG* and 522. Next, to investigate whether MCNVs also affect
BMDC maturation, we analyzed the surface expression of
costimulatory molecules (CD86 and CD80). High expression of

costimulatory molecules CD80 and CD86 is required to activate T
cell maturation. The results showed that BMDCs treated with
MCNVs exhibited high expression levels of CD86 and CD80
(Figs. 4(h) and 4(i)). These data suggest that MCNVs elicited
higher immune activation than CDG™ + 522 + OVA, possibly due
to the increased intracellular delivery efficiency of adjuvant
molecules by PC7A.

34 Invivo trafficking of MCNVs to the lymph nodes

LNs are a critical bridge between innate and adaptive immunity
where activated APCs can interact with B and T cells [59, 60].
Therefore, efficient delivery of immunostimulatory components to
LNs elicits a strong immune response [61, 62]. Due to its optimal
size (70 nm), MCNVs may reach the lymph nodes through the
lymphatic vessels, and we next investigated whether MCNVs
could target lymph nodes. C57BL/6 mice were subcutaneously
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injected with OVA-FAM labelled MCNVs, and the migration of
MCNVs was imaged in vivo for 3 days (72 h) using a IVIS
spectrum imaging system (PerkinElmer). At 24 h postinjection,
fluorescence signals of proximal LNs were detected in all groups
except the control group, while the strongest signals were observed
for MCNVs-FAM. Subsequently, the fluorescence signal of distal
LNs in the nanocarrier groups gradually increased from 24 to 48 h
after injection, and the strongest fluorescence signal was observed
in the MCNVs group. Seventy-two hours after injection, the
fluorescence signal of the proximal lymph nodes in the control
group gradually decreased, while the intensity of the fluorescence
signal in the MCNVs group was basically unchanged (Fig. 5(a)).
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These data suggest that MCNVs system not only increased the
accumulation of FAM-OVA proximal LN, but also facilitated the
migration of FAM-OVA from the injection site to distal LNs. We
then analyzed lymphocytes in LNs 24 h after injection. Mice
treated with MCNVs exhibited the largest proportion of FAM-
OVA uptake and the highest expression levels of OVA-MHC-I
and CD86, consistent with the results of in vitro stimulation
experiments (Fig. 5(b)). In conclusion, MCNVs both prolong and
increase the accumulation of antigens in LNs, thereby increasing
the probability of eliciting an effective antitumor immune
response.
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Figure5 In vivo trafficking of MCNVs to the lymph nodes. C57BL/6] mice were s.c. injected with the indicated formulations (1. PBS, 2. OVA-FAM, 3. OVA-
FAM@PC7A, 4. CDG¥ + 522 + OVA-FAM, 5. CDG* OVA-FAM@PC7A, 6. 522 OVA-FAM@PC7A, 7. MCNVs-FAM), and the dose of OVA -FAM was
50 pg per mouse, respectively. (a) After 24 h (left), 48 h (mid), and 72 h (right), the LNs were analyzed using a IVIS spectrum imaging system (PerkinElmer), and the
corresponding fluorescent quantitation is shown (1 = 3). (b) The percentage of FAM'CD11c' DCs, and relative expression levels of maturation markers (OVA-MHC-I
and CD86) expressed as the mean fluorescence intensity of each marker in DCs are shown (n = 3). The results are shown as the mean + SD of three independent
experiments. ns: no significant difference, *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA with Tukey’s test.
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3.5 Invivoimmune activity of MCNVs

To further investigate the in vivo immunization effect of MNCVs,
C57BL/6 mice were subcutaneously immunized with different
groups of vaccines (PBS, OVA, OVA@PC7A, CDG" + 522 +
OVA, CDG* OVA@PC7A, 522 OVA@PC7A, and MCNVs)
every 4 days a total of three times (Fig. 6(a)). Seven days after the
last immunization, the spleens of the mice were collected and
analyzed for activation levels of immune cells. Th1 cytokines (e.g.,
IFN-y) not only directly promote specific antibody production,
but also mediate cytotoxic T lymphocyte (CTL) responses. MCNV-
immunized mouse spleen lymphocytes exhibited increased OVA-
specific IFN-y production compared to free CDG™ + 522 + OVA
and single adjuvant nanoparticles (Fig.6(b)). This result was
confirmed by CD8" T cell triggering assays, where OVA
(SIINFEKL)-specific CD8" T cells exhibited higher proliferation in
MCNVs than in the other groups (Fig. 6(c)). This result
demonstrates that MCNVs stimulate the immune system to
produce tumor-specific CD8" T cells.

3.6 MCNVs enhance vaccine efficacy against aggressive

B16-F10 (OVA) melanoma cells

To further investigate the antitumor effects of MCNVs, B16-OVA
tumor cells (1.5 x 10°, expressing the OVA epitope on the B16
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tumor) were subcutaneously injected into the right side of 4 to 6-
week-old C57BL/6 mice (n = 7). On day 10 posttransplantation,
the tumors reached 5 mm in diameter and the vaccines were
injected into the subcutaneous area around the tumor. As
illustrated in (Figs. 7(b) and 7(c)), all animals in the PBS control
group died within 21 days. OVA alone did not provide any
significant tumor growth inhibition or survival benefit compared
to the PBS control. The OVA@PC7A, CDG™ + 522 + OVA,
CDG* OVA@PC7A, and 522 OVA@PC7A groups had relatively
low antitumor effects. In contrast, the MCNV-treated mice
displayed the smallest tumor volumes, and 100% of them survived
longer than 25 days.

To explore antitumor effects of MCNVs, lymphocytes from
spleen and tumor tissues were extracted for analysis. CD69, a
marker of early T cell activation was expressed by splenic T cells,
and mice treated with MCNVs expressed higher levels of
CD8'CD69* than the free adjuvant and single adjuvant
nanoparticle groups (Fig.7(d)). We further found that mice
immunized with MCNVs displayed a significantly increased
proportion of CD44*CD62L"CD8- effector memory T (Tem) cells
and CD44'CD62L'CD8" central memory T (Tcm) cells in the
spleen (Fig. 7(e)). This indicates the acquisition of memory T-cell
immunity for immune surveillance. Next, we evaluated the effect
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Figure 6 In vivo immunostimulatory activity of MCNVs. (a) Scheme of the immune study. (b) C57BL/6] mice were subcutaneously immunized with formulations as
described. Seven days after the last immunization, 6 x 10° spleen cells per well were added into 24-well plates and retreated with 50 ug/mL OVA for 96 h. The
IFN-y in the cell supernatants was assessed by using ELISA kits. (c) Representative flow dot plots of H-2kb/SIINFEKL tetramer staining of CD8" T cells in
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of MCNVs on the immune cell composition of B16-OVA
melanoma TME. MCNV treatment increased the CD87/CD4" T
cell ratio, which is a good prognostic indicator of the response to
immunotherapy and clinical outcome [17, 18] (Fig. 7(f)). To verify
the specificity of TILs, we stimulated TILs again with OVA for 4 h
and performed flow cytometry analysis after staining the cells with
IFN-y antibody. The results showed that mice immunized with
MCNVs induced the significant increase in the proportion of
CD8* IFN-y* T cells, exhibiting strong tumor specific immunity
(Fig. 7(g)). These results were consistent with data from the
spleen, and MCNVs markedly upregulated the levels of
CD69'CD8* T and NK cells in tumors compared with free
adjuvant or single adjuvant nanoparticles (Figs. 7(h) and 7(i)),
demonstrating that MCNVs effectively evoked lymphocytes in
tumors.

4 Conclusions

In summary, we aimed to improve the immunogenicity of tumors
as well as the proportion of tumor infiltrating lymphocytes. We
selected the novel STING agonist CDG™ as the immunostimulant
in the vaccine system. However, CDG" alone can not elicit a
broad and intense cytokine response; therefore, we added the
TLR7/8 agonist 522 to address this issue. We used a combination
of STING and TLR7/8 agonists for the first time in cancer
immunotherapy. In addition, we identified synergistic immune
effects of CDG™ and 522, which possibly occurred through the NF-
kB P65 and TBK-1 pathways. Subsequently, to further improve
the cancer immunotherapy effect, we used PC7A NPs as carriers
for adjuvants and introduced OVA as a model antigen to obtain

TSINGHUA
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MCNVs. The results showed that MCNVs were effective in
activating DCs in situ after migrating to lymph nodes, which in
turn triggered specific CTLs. After melanoma challenge, MCNVss-
immunized mice exhibited increased tumor infiltrating IFN-
y'CD8* T cells, resulting in a 100% survival rate in mice after 25
days. Because MCNVs elicit a robust immune response, they can
be used as a platform for further applications in other types of
diseases.
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