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A great potential of tumor vaccine-based immunotherapy has been emerged; however, the low cross-presentation
of tumor antigens, intrinsic immunosuppressive signaling of dendritic cells (DCs) and the immunosuppression in
tumor microenvironment (TME) hindered the progress of tumor vaccine. In this article, approaches employed
heterocyclic lipid nanoparticles (LNP) as a tumor vaccine and signal transduction and activator of transcription 3
(STAT3) siRNA carrier as well as a “self-adjuvant” by targeting draining lymph node (DLN) and stimulating
stimulator of interferon genes (STING)-mediated type I interferon (IFN) innate immune response were proposed.
Model antigens ovalbumin peptide 257-264 (OVA) were cross-presented to activate T cells; STAT3 siRNA acted
synergistically with OVA to improve DCs maturation, enhance antigen presentation and abrogate immunosup-
pressive TME; heterocyclic lipids induced the production of type I IFN via activating the STING pathway.
Compared to DLin-MC3-DMA LNP, heterocyclic LNPs, especially A18-LNP, targeted DLN, delivered much OVA
and STAT3 siRNA into cytoplasm of antigen-presenting cells (APCs, mainly DCs), activated STING pathway,
promoted DCs maturation and antigen presentation, abrogated immunosuppression in TME, therefore, leading to
robust anti-cancer response. Thus, heterocyclic LNPs efficiently delivered tumor vaccine and STAT3 siRNA and
simultaneously activated the immune system through DLN-targeted and STING pathway, provided better anti-
tumor effects, suggesting a promising strategy for cancer immunotherapy.

1. Introduction of disease types including infectious diseases, cancer, immune and ge-

netic diseases [8]. siRNA can knock down the expression of target genes

Cancer is a major public health problem worldwide [1], current
treatments include surgery, radiotherapy, chemotherapy, and immu-
notherapy [2]. With the outbreak of COVID-19, vaccines are getting
more and more attention [3,4]. The purpose of anti-tumor vaccines is to
enhance cell-mediated immune responses, such as typical T lymphocyte
responses, to remove or reduce tumor cells without harming normal
cells [5]. Dendritic cells (DCs) initiate effector T cells to fight tumors and
play a crucial role in tumor vaccines [6]. Vaccines also can be used in
combination with other oncology therapies, such as immune agonists
and checkpoint inhibitors, as well as RNA therapeutics [7]. RNA-based
therapies can not only modulate gene expression, but also modulate
proteins or antigens that provoke an immune response to treat a variety
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in a sequence-specific manner by mediating degradation of targeted
mRNA [9].

However, in clinical applications, tumor vaccines have consistently
exhibited relatively weak response rates and negative results, which
have been attributed to low cross-presentation of tumor antigens,
intrinsic immunosuppressive signaling of DCs and the immunosup-
pressive tumor microenvironment (TME) [10]. STAT3 is a confluence of
signaling pathways for many cytokines (IL-6, IL-10, IL-11, etc.), growth
factors (vascular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), etc.) and some proto-oncogenes (K-Ras, cAbl, Src, etc.)
[11]. The activation of STAT3 is transient and rapid in normal physio-
logical conditions. However, the persistent activation and high
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expression of STAT3 is appeared in many tumors, including melanoma,
colonel cancer and so on, leading to the progress of tumors [12-15].
Activated STAT3 signaling induces upregulation of the expression of
some proto-oncogenes (c-Myc, etc.) and anti-apoptotic genes (Bcl-2, Bcl-
XL, etc.), leading to inhibited apoptosis and sustained cell proliferation
[16]. In addition, aberrantly activated STAT3 can induce the expression
of matrix metalloproteinases (MMPs) to promote tumor metastasis and
invasion [17]. Activated STAT3 also up-regulates tumor immunosup-
pressive cells (regulatory T cells (Tregs), myeloid-derived suppressor
cells (MDSCs)) and down-regulates pro-inflammatory cytokines to pro-
mote tumor immune escape [18]. Furthermore, STAT3 is not only
involved in DCs growth and development, but also inhibits DCs activa-
tion and maturation, and triggers aberrant differentiation into tolerant
DCs, thereby promoting immune tolerance [19-21]. Deleting STAT3
gene not only suppress growth and induce apoptosis of tumor cells, but
also improve antigen-presenting ability, promote DCs maturation,
abrogate immunosuppressive TME and enhance antitumor T cell im-
munity [22,23]. Therefore, STAT3 siRNA was combined with anti-tumor
vaccine.

The delivery efficiency of tumor vaccine to antigen-presenting cells
(APCs, mainly DCs) has some deficiencies [24]. Meanwhile, RNA is
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difficult to enter cells to play effect, due to the anionic charge, ease of
degradation by RNases and large molecular weight [25]. The main-
stream carrier delivery system, lipid nanoparticle (LNP), relatively
easily absorbed by APCs. In 2018, FDA approved Onpattro, the first LNP-
based siRNA therapy [26]. Moderna, CureVac and BioNTech’s COVID-
19 vaccines all use LNP delivery technology [27,28]. Thus, we pro-
posed to prepare LNP to encapsulate STAT3 siRNA and model antigens
ovalbumin peptide 257-264 (OVA). LNP is composed of ionizable lipids,
cholesterol, membrane skeleton, polyethylene glycol (PEG) lipids
[27,29]. However, elevated cytokine levels and increased immunoge-
nicity have been shown due to the repeated administration some of the
ionizable lipids containing LNP [29]. Besides, some vaccine still con-
tained lipopolysaccharide (LPS) or toll-like receptors (TLR) agonist as an
adjuvant, induce local and systemic inflammation [30]. Furthermore,
LNP accumulates in the liver, so most current LNP delivery systems are
liver-targeted, and the issue of effective delivery to extra-hepatic organs
needs to be addressed [31,32]. Cationic lipids are a very important
component of RNA delivery. To solve the current problems of LNP, a
new cationic lipid-like material, which has the ability to balance the
maturation and activation of antigen-specific immune cells while
avoiding toxicity due to systemic activation of the immune system, and
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Scheme 1. (A) The heterocyclic lipids were designed and synthesized. And heterocyclic LNPs encapsulated with model antigens OVA and STAT3 siRNA were
formulated. (B) The schematic representation of enhanced cancer immunotherapy in heterocyclic LNPs, including DLN-targeted, promoted DCs maturation,
improved antigen cross-presentation, abrogated immunosuppressive TME and activated STING pathway.
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deliver to extra-hepatic organs (especially draining lymph node (DLN)/
DCs), should be developed.

Here, approaches employed heterocyclic LNPs as the STAT3 siRNA
and vaccine carrier as well as a “self-adjuvant” by targeting DLN and
stimulating stimulator of interferon genes (STING)-mediated type I
interferon (IFN) innate immune response were proposed (Scheme 1).
Heterocyclic lipids with cyclic amino head groups were synthesized,
then heterocyclic LNPs were formulated and encapsulated with OVA and
STATS3 siRNA (Scheme 1A). After subcutaneous injection, heterocyclic
LNPs targeted DLN, and A18-LNP had the best DLN-targeted ability. The
heterocyclic LNPs delivered OVA and STAT3 siRNA into cytoplasm of
APCs (mainly DCs) via improved endocytosis, and enhanced endo/
lysosome escape effect. The major histocompatibility complex (MHC)
class I presented the released OVA to activate T cells to play typical T
lymphocyte responses. The released STAT3 siRNA acted synergistically
with OVA to promote the maturation of DCs, advance the presentation of
antigen, abrogate immunosuppression and enhance anti-tumor immu-
nity, while heterocyclic lipids in the cytoplasm induces the production of
type I IFN via activating the STING pathway, which also promotes
activation of T cells. The integration of promoted DCs maturation,
enhanced antigen cross-presentation, abrogated immunosuppression
and STING activation can boost cancer immunotherapy (Scheme 1B).
Heterocyclic LNPs efficiently delivered cancer vaccine and STAT3 siRNA
and simultaneously activated the immune system through DLN-targeted
and STING pathway, provided better antitumor effects.

2. Materials and methods
2.1. Materials

N-(3-Aminopropyl) pyrrolidine (A2), Ethyl isocyanoacetate (Iso),
OVA were provided by Macklin (Shanghai, China). 9,26-Pentatriaconta-
dien-18-one (2DC18) was from Pfaltz & Bauer. 3-(2-ethyl-1-piper-
idinyl)-1-propanamine (A18) was from Santa Cruz Biotechnology, Inc.
Advanced Vehicle Technology Co., Ltd (Shanghai, China) supplied
(67,97,287,31Z)-heptatriacont-6,9,28,31-tetraene-19-yl  4-(dimethyla-
mino) butanoate (DLin-MC3-DMA), 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEGzqq0), 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) and cholesterol. Negative control
siRNA (Nc siRNA), STAT3 siRNA, CY5/FAM -STAT3 siRNA were pro-
vided by Genepharma (Shanghai, China). Xian ruixi Biological Tech-
nology Co., Ltd provided CY3/7-OVA. RiboGreen® RNA Quantitation
Kit, mouse interleukin 6 (IL-6) ELISA Kit, interleukin 1 beta (IL-1p)
ELISA Kit, interferon y (IFN-y) ELISA Kit, tumor necrosis factor-oa (TNF-
a) ELISA Kit, Micro BCA protein assay kit were purchased from Ther-
moFisher Scientific. Recombinant Murine Interleukin 4 (IL-4) and
Granulocyte-Macrophage Colony Stimulating Factor (GM-CSF) were
from Beyotime (Shanghai, China). Cell Counting Kit-8 (CCK-8), Lyso-
Tracker Red DND-99, Carboxyfluorescein diacetate, succinimidyl ester
(CFSE) and 4',6-Diamidino-2-phenylindole dihydrochloride (DAPI) were
from Dalian Meilun Biotechnology Co., Ltd. Elabscience Biotechnology
provided fluorochrome-labeled anti-mouse monoclonal antibodies
(FITC anti-mouse CD11c, FITC anti-mouse CD4, APC anti-mouse CD86,
APC anti-mouse CD8a, APC anti-mouse CD11b, APC anti-mouse MHCII,
PE anti-mouse CD40, PE anti-mouse Gr-1, PE anti-mouse CD3) and
interleukin 12 (IL-12) ELISA Kit, interferon p (IFN-p) ELISA Kit. Anti-
STAT3 Rabbit pAb, anti-FOXP3 Rabbit pAb, anti-IRF-3 Rabbit pAb,
anti-Actin Mouse mAb, anti-CD8 Rabbit mAb, iF488-Tyramide and
TUNELE assay kit, HPR/Cy3 conjugated Goat Anti-Rabbit IgG were
provided by Servicebio (Wuhan, China). Mouse OVA-specific immuno-
globulin G (sIgG) ELISA Kit was from Sspbio (Wuhan, China). Shenyang
Pharmaceutical University provided B16F10 cells, DCy4 cells, and
RAWogg47 cells. Meisen CTCC (Zhejiang, China) provided the OVA-
transfected B16 melanoma cell line (B16-OVA). Shenyang Pharmaceu-
tical University Animal Center provided 6-8 weeks C57BL/6 mice; all
procedures gained approval from the Animal Ethics Committee of
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2.2. LNPs synthesis and formulation optimization

According to previous study [33], heterocyclic lipids were synthe-
sized by mixing amines, ketones and isocyanides. In briefly, A2 or A18,
Iso, and 2DC18 (1:1:1, molar ratio) in dichloromethane and ethanol was
stirred at room temperature for 24 h. The structure was confirmed by H-
NMR (Fig.S1). The molar ratios of lipid fractions, the weight ratio of
total lipid to antigen, and the weight ratio of total lipid to siRNA were
optimized.

A model LNP, DLin-MC3-DMA LNP was prepared and hereinafter
referred to as LNP. For LNP, DLin-MC3-DMA: DSPC: Cholesterol: DMG-
PEG2ggo (45: 10: 43.5: 1.5, mM) was dissolved in ethanol, OVA and
STATS3 siRNA (total lipid: siRNA: OVA 30:1:3, w) (N/P 6) were dissolved
in 20 mM sodium acetate buffer (pH 5.0). For A2/A18-LNP, the ratio of
A2/A18-1s0-2DC18: DSPC: Cholesterol: DMG-PEG2pgo was 50: 10: 37.5:
2.5 and the ratio of total lipid: siRNA: OVA was 10:1:3 (N/P 3). Ethanol
and aqueous phases were mixed in a microfluidic device at a ratio of 1:3
(v). LNP, A2-LNP and A18-LNP (LNPs) were dialyzed with 1X PBS at 4 °C
for 1 h.

2.3. The characterization of LNPs

ZetaSizer (Nano-ZS ZEN3700, Malvern, UK) was used to evaluate the
particle size and {-potential of LNPs, and LNPs were diluted with PBS.
Transmission electron microscope (TEM) was used to observe the
morphology of LNPs, and LNPs were stained with phosphotungstic acid
[34]. According to instructions, the encapsulation efficiency of siRNA
was studied using RiboGreen® RNA Quantitation Kit, Micro BCA protein
assay kit was used to study the encapsulation efficiency of OVA. B16F10
cells and DC2.4 cells were added to 12-well plates at a concentration of
2 x 10°cells/well and incubated overnight. The flow cytometer (BD
FACSAria™ III) was used to measure the fluorescence intensity of FAM,
after transfection with LNPs@FAM-STAT3 siRNA (50 nM) for 16 h.

2.4. Invitro capture of tumor cell lysates

B16F10 cells were lysed by the freeze-thaw method and the super-
natant was obtained by centrifugation. The lysate concentration was
determined by BCA method. Blank preparations were mixed with cell
lysates in different weight ratio (1:1, volume). ZetaSizer was used to
evaluate the size and {-potential of blank LNPs-B16F10 tumor cell lysate
complex.

2.5. Invitro release of siRNA

siRNA release was measured using a gel retention assay. The high
concentration LNPs were diluted 10-fold in PBS (pH 7.4 and pH 5.0) to
mimic the extracellular and intracellular environments, respectively.
The diluted LNPs were incubated at 37 °C. The supernatant was removed
by ultracentrifugation at predetermined time points, and agarose gel
electrophoresis was used to determine the release of siRNA.

2.6. The cytoplasmic delivery of LNPs

Firstly, CCK-8 method was used to evaluate the cytotoxicity effect of
LNPs to immune cells (DCo 4 cells and RAWye4.7 cells) and tumor cells
(B16F10 cells) [2]. The cellular uptake of LNPs was studied in DCs. DCy 4
cells (3 x 10° cells/well) were incubated with CY3-OVA (2 pg/mL) and
FAM-STAT3 siRNA (50 nM) for 2 h and 4 h. The flow cytometer was used
to measure the fluorescence intensity of FAM and CY3 in DCy 4 cells. The
cellular uptake of LNPs at 0.5, 1, 2, and 4 h was also visualized by
confocal laser scanning microscope (CLSM, LEICA, Germany). The
lysosomal escape effect of LNPs was also studied in DCy 4 cells. Lyso-
Tracker Red DND-99 (75 nM) was added to stain cells for 1 h, after
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incubation with LNPs@FAM-STAT3 siRNA for 4 h. CLSM was used to
observe the images, after fixed with 4% paraformaldehyde and stained
with DAPI solution.

2.7. Dcs maturation assay

Bone marrow-derived DCs (BMDCs) were acquired as protocol
described [35]. In brief, bone marrow cells washed from C57BL/6 mice
femurs were cultured in RPMI 1640 medium with 10% FBS, 10 ng/mL
IL-4 and 20 ng/mL GM-CSF. Half of the culture medium was changed
every 2 days. On day 6, immature BMDCs were collected. BMDCs or
DC5 4 cells were incubated with PBS, blank LNPs, LNPs, Nc siRNA/OVA,
and STAT3 siRNA/OVA (2 pg/mL OVA, 50 nM siRNA). After 24 h in-
cubation, the cells were stained with FITC anti-mouse CD11c, APC anti-
mouse MHCII, and PE anti-mouse CD40 at 4 °C for 1 h. The flow cy-
tometer was used to measure % MHCIT" in CD11c" cells and % CD40" in
CD11c" cells. Meanwhile, the IL-6, IL-12, IFN-y, IFN-p, IL-1p and TNF-a
contents in the supernatant of BMDCs were determined using ELISA Kits,
according to the instructions.

2.8. The expression of STAT3 and IFNB1/IRF-3 in BMDCs

BMDCs were incubated with PBS, STAT3 siRNA/OVA, and LNPs (2
pg/mL OVA, 50 nM siRNA) for 24 h or 72 h. Servicebio®RT First Strand
cDNA Synthesis Kit was used to generate cDNA. The following primers:
STAT3 (mouse, NM_010510.1), ifnb1 (mouse, NM_011486.5) were used.
And Bio-rad CFX RT-PCR detection system was used to detect the
expression of mRNA. The mRNA level of STAT3 and ifnb1 were calcu-
lated and normalized with GAPDH mRNA. Furthermore, SDS-PAGE was
used to separate the samples, after the total protein of BMDCs was
extracted [36]. Anti-IRF-3 and anti-STAT3 antibody were used for
western blotting analysis, and the loading control was Actin.

2.9. The antigen presentation of LNPs

As previous described, we acquired the splenocytes of C57BL/6 mice
[36]. In briefly, fresh mouse spleens were obtained and digested with
collagenase (ThermoFisher Scientific), then the red blood cells were
removed with red blood cells lysis buffer (Dalian Meilun Biotechnology
Co., Ltd). After 24 h incubation with LNPs, splenocytes were stained
with PE anti-mouse H-2 Kb bound to SIINFEKL antibody (ThermoFisher
Scientific) for 2 h at 4 °C. The flow cytometer was used to measure the
fluorescence intensity of PE in splenocytes.

2.10. In vivo antigen capture and biodistribution of LNPs

To evaluate antigen capture and delivery in vivo, experiments were
conducted using cy7-OVA. C57BL/6 mice were administrated subcuta-
neously (s.c.) with 40 pg/mouse free cy7-OVA, and then injected with
PBS or blank LNPs at the same location immediately 5 min later. After 6
h, an in vivo imaging system (IVIS Lumina III, PerkinElmer, USA) was
used to image the distribution of cy7-OVA and the isolated DLN.
Meanwhile, biodistribution of cargoes was also evaluated. C57BL/6
mice were injected s.c. with 1 nmol/mouse cy5-STAT3 siRNA and 40 pg/
mouse cy7-OVA. After 12 and 24 h administration, IVIS was also used to
image the distribution of cy7-OVA and cy5-STAT3 siRNA in vivo.
Meanwhile, DLN was isolated to image the distribution of cargoes.
Furthermore, DLN was also sectioned at 10 pm and the sections were
stained with DAPI for visualization.

2.11. The immunization therapy of LNPs

6-8 weeks C57BL/6J mice were injected s.c. with B16-OVA cells (10°
cells/mouse). The tumor volume was approximately 50 mm® on day 6.
The mice were divided into six groups, and injected s.c. with PBS, Nc
siRNA/OVA, STAT3 siRNA/OVA, LNP, A2-LNP and A18-LNP,
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respectively. The mice were administrated with 40 pg/mouse OVA and
1 nmol/mouse siRNA every 5 days for three doses. Every 2-3 days, the
body weight and tumor size were measured, and tumor volume was
calculated: tumor volume (mm3) = (length x width x width)/2. The
levels of OVA-specific IgG, IL-12, IFN-y and IFN-f in serum were
measured. After the mice were sacrificed, the tumors of mice were
collected and weighed. RT-qPCR assay was also subjected to determine
the mRNA expression of STAT3 and IFNb1 in tumors of mice. Further-
more, TUNEL staining was used to evaluate the apoptosis of tumors, and
image-pro software was used to calculate the apoptotic cells.

2.12. In vivo cells recruitment

The tumors and spleens were removed, four days after the last im-
munization. The tumor or spleen cell suspensions were incubated with
PE anti-mouse CD3, APC anti-mouse CD8a, and FITC anti-mouse CD4 at
4 °C for 1 h. The flow cytometer was used to measure the % CD81TCD3™"
cells and % CD4"CD3™ cells. The cell suspensions were also labeled with
APC anti-mouse CD86 and FITC anti-mouse CD11c to identify mature
DCs. The tumor cell suspensions were also stained with PE anti-mouse
Gr-1 and APC anti-mouse CD11b to identify MDSCs. DLNs of mice
were also removed and the cell suspensions were labeled with APC anti-
mouse CD86 and PE anti-mouse CD40 to identify mature DCs, the %
CD86CD40™" cells were measured by the flow cytometer. Moreover, the
spleens were fixed for CD8 immunohistochemical analysis, and the tu-
mors were immunofluorescent stained with FOXP3 and CDS8, and
confocal microscopy was used to record the images [36].

2.13. Safety evaluation

Plasma was collected before the mice were sacrificed to conduct the
biochemical analysis, including liver function test and renal function
test. Furthermore, after the mice were sacrificed, the tumors and major
organs were obtained for hematoxylin and eosin (H&E) staining [37].

2.14. Invivo cytotoxic T lymphocyte (CTL) assay

Four days after the second immunization, splenocytes were
collected. Half of the splenocytes were pulsed with SIINFEKL peptide at
37 °C for 2 h. The unpulsed and peptide-pulsed cells were labeled with
0.05 pM or 0.5 pM CFSE, respectively. Equal numbers of CFSEjq, and
CFSEnigh cells were mixed together and injected intravenously into the
immunized mice [38]. After 18 h, splenocytes were collected and sub-
jected to flow cytometry analysis.

2.15. Statistical analysis

The mean value + SD was used to present all data. The one-way
analysis of variance (ANOVA) test and Student’s t test were used to
evaluate the statistical analysis of data. When P < 0.05, there was a
statistically significant difference.

3. Results and discussion
3.1. The preparation and characterization of LNPs

Firstly, an ionizable lipid-like material as the basis of heterocyclic
LNPs was synthesized (Fig. 1). The structure consists of an alkyl ketone
lipid tail, an isocyanide linker, and an amine head group. The hetero-
cyclic lipid A2/A18-Is0-2DC18 share several structural similarities: (1)
the absence of hydroxyl groups; (2) two amines in the polar head group
spaced by three carbons; and (3) the presence of at least one tertiary
amine [33]. DLin-MC3-DMA is the only ionizable lipids approved
currently for siRNA therapies [39], so we choose DLin-MC3-DMA as the
control ionizable lipid. The molar ratios of lipid fractions, the weight
ratio of total lipid to antigen, and the weight ratio of total lipid to siRNA
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influence on the transfection efficiency, morphology, encapsulation ef-
ficiency, and particle size of LNPs [40]. According to the particle size, for
LNP, the molar ratios of DLin-MC3-DMA: DSPC: Choleaterol:DMG-
PEGoggo Was 45: 10: 43.5: 1.5, and for A2/A18-LNP, the molar ratios of
A2/A18-1s0-2DC18: DSPC: Choleaterol:DMG-PEGyqo was 50: 10: 37.5:
2.5 (Fig.S2). lonizable lipids efficiently encapsulate RNA and OVA,
interact with cell membranes and promote endosome escape; DSPC
improves lipid bilayer stability, aids membrane fusion and endosome
escape; DMG-PEG prolongs body circulation via reducing particle
binding to plasma proteins in vivo; cholesterol regulates membrane
fluidity and improves stability. The weight ratio of total lipid to antigen
was studied by B16F10 tumor cell lysate in vitro capture assay. With the
B16F10 tumor cell lysate weight ratio increased, the size of the blank
LNPs-B16F10 tumor cell lysate complex significantly increased. In
addition, the zeta potential of blank LNPs-B16F10 tumor cell lysate
complex decreased from positive to negative charge. For LNP, the
weight ratio of total lipid to antigen was 10:1, for A2/A18-LNP, it was
10:3, indicating heterocyclic lipid can capture more antigen in vitro
(Fig. 2A). According to transfection efficiency, for LNP, the weight ratio
of total lipid: STAT3 siRNA: OVA was 30:1:3 (N/P 6), for A2/A18-LNP, it
was 10:1:3 (N/P 3) (Table S1, 2).

LNP with hydrodynamic size at 115.3 + 1.34 nm and {-potential at
16.9 + 3.76 mV, A2-LNP with hydrodynamic size at 107.9 + 1.57 nm
and (-potential at 7.41 + 3.20 mV, A18-LNP with hydrodynamic size at
124.4 + 3.45 nm and (-potential at 7.80 + 4.40 mV were prepared
(Table 1, Fig. 2B, C). A morphology that was roughly spherical was
observed, under the TEM images (Fig. 2D). The OVA and siRNA were
distributed in the inner water phase of LNPs (Fig. 1D), and OVA and
STAT3 siRNA had an encapsulation efficiency of over 95% (Table 1). At
pH 7.4, LNP released partial siRNA at 6 h, A2-LNP and A18-LNP hardly
released siRNA, demonstrating that heterocyclic LNPs have more stable
encapsulation ability. At pH 5.0, LNPs were rapidly released, demon-
strating that LNPs were pH-responsive nanoparticles (Fig. 2E). The
positively charged lipids can interact with ionized endosomal mem-
branes to promote membrane fusion and destabilization in the acidic
endosomal microenvironment, leading to the release of siRNA and OVA
from LNPs and endosomes to function in the cytoplasm. At physiological
pH, ionizable lipids remain neutral, improving stability and reducing
systemic toxicity. The particle size of LNPs remained almost unchanged
during 30 days at 4 °C, indicating the stability of LNPs (Fig. 2F).
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Fig 2. (A) The particle size and zeta potential of blank LNPs-B16F10 tumor cell lysate complex (n = 3). The (B) particle size, (C) zeta potential, and (D) TEM images
of LNPs (scale bars: 50 nm). (E) The release of LNPs in PBS (pH 7.4 and pH 5.0) was evaluated by agarose gel. (F) The particle size of LNPs over 30 days at 4 °C (n

=3).
3.2. The cytoplasm delivery by LNPs

Firstly, the cytotoxicity of blank LNPs and LNPs were evaluated in
DCy 4 cells, RAWyg4 7 cells and B16F10 cells. No significant cytotoxicity
was observed after incubation in DCy 4 cells and RAWoqg4 7 cells, indi-
cating the safety of LNPs (Fig. 3A, C). No significant cytotoxicity was
observed after incubation in B16F10 cells with STAT3 siRNA/OVA and
blank LNPs. However, a significant cytotoxicity was observed after

incubation in B16F10 cells with LNPs (Fig. 3B). Thus, LNPs inhibited
proliferation of tumor cells and had an excellent biocompatibility with
immune cells.

DCs are the most functional and specialized antigen-presenting cells
in the body [41]. The STAT3 siRNA and antigen need to enter the
cytoplasm of DCs for effective action. Compared to free solution, a
significantly higher fluorescent intensity of FAM and CY3 was shown in
LNPs. And the fluorescent intensity of A2/18-LNP was higher than that
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Table 1
Physical properties of LNPs.
LNP A2-LNP A18-LNP
Z-average (nm) 115.3 + 1.34 107.9 + 1.57 124.4 + 3.45
PDI 0.167 + 0.118 + 0.115 +
0.006 0.005 0.006
Number Mean (nm) 69.65 + 2.28 65.60 + 2.30 81.90 + 4.23
Zeta potential (mV) 16.9 + 3.76 7.41 £ 3.20 7.80 + 4.40
Encapsulation Efficiency of 101.45% 97.18% 99.23%
siRNA
Encapsulation Efficiency of 95.10% 95.80% 96.86%
OVA

of LNP, there was a significantly difference between the A18-LNP group
and LNP group (Fig. 3E). The CLSM results showed that free solution was
rarely able to enter the cells. Compared to free solution group, a higher
cellular uptake was shown, and the fluorescent intensity upregulated
with time in all LNPs groups. Moreover, the heterocyclic LNPs had a
better uptake, while the uptake of A18-LNP was slightly stronger than
that of A2-LNP (Fig. 3D and Fig.S3). The heterocyclic LNPs were better
able to deliver cargoes into DCs, especially A18-LNP had the best ability.
LNPs entered the endosome after taken up by the cells. The STAT3
siRNA and OVA tended to inactivate, due to the acidic environment in
endosome. The green signal (STAT3 siRNA) in the free solution was very
low, indicating free solution was difficult to enter the cells. STAT3 siRNA
of all LNPs groups was distributed throughout the cytoplasm and could
escape from the red-labeled endosomes/lysosomes. Moreover, hetero-
cyclic LNPs had the stronger endo/lysosomal escape effect, especially
A18-LNP had the strongest endo/lysosomal escape effect (Fig. 3F).
When LNPs were taken up by cells, lipids were ionized and positively
charged under endosomal pH conditions (pH 5-6), and the positively
charged lipids readily fused with the endosomal-lysosomal membrane,
allowing LNPs to escape to the cytosol, dissociated and released STAT3
siRNA and OVA. Heterocyclic lipids have two amines in the head group,
which may interact more strongly with the cell membrane and further
promote endosomal escape. Thus, heterocyclic LNPs could better deliver
STATS3 siRNA and OVA into cytoplasm of DCs.

3.3. Heterocyclic LNPs promote DCs maturation, STING activation, and
antigen presentation

To evaluate the gene silencing effect of LNPs encapsulated STAT3
siRNA, RT-PCR and WB assay were studied. The expression of STAT3
mRNA (Fig. 5A) and STAT3 (Fig. 5E-H, Fig.S4 and Fig.S5) were signif-
icantly lower in all LNPs groups, compared with the solution group. The
expression of STAT3 mRNA and STATS3 in the A18-LNP group was 0.42-
fold and 0.58-fold lower than that in the LNP group. Meanwhile, the
STATS3 expression in BMDCs was time-dependence, as the incubation
time increasing, the expression was decreased. These indicated that
heterocyclic LNPs could better silence STAT3 gene, mainly due to
cytoplasm delivery of heterocyclic LNPs.

Compared with the Nc siRNA/OVA group, the STAT3 siRNA/OVA
group upregulated the expression of CD40 and MHCII in DCy 4 cells
(Fig. 4A-C) and BMDCs (Fig. 4D-F), and improved the secretion of IL-12,
IL-6, IL-1B, IFN-y and TNF-a (Fig. 4G), confirming that STAT3 siRNA
restored DCs dysfunction and promoted DCs maturation, consistent with
previous findings [22,42]. STAT3 is abbreviately activated in immune
cells. Immune cells play an important role in preventing tumorigenesis
via detecting and removing abnormally transformed cancer cells.
However, persistent activation of STAT3 in these immune cells activates
the expression of downstream genes IL-6, IL-10 and VEGF, which pro-
liferate hematopoietic stem cells (HPC). Then HPCs produced many
cytokines, which activated STAT3 in plasmacytoid dendritic cells (pDCs)
and immature myeloid cells (IMCs) [43]. The maturation of DCs was
blocked due to the sustained expression of IL-10 in IMCs. Meanwhile,
pDCs improved the aggregation of Tregs, and STAT3 was able to up-
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regulate the transcription of FOXP3, a transcription factor that is
closely related to tumorigenesis, which further inhibited the maturation
of DCs [44,45]. Mature DCs can effectively activate initial T cells and
enhance the body’s anti-tumor immune response. These suggest that
sustained activation of STAT3 can inhibit DCs function. Thus, stronger
DCs maturation can be exerted when combine STAT3 siRNA with OVA.
In the blank preparations, the secretion of cytokines and the expression
of CD40 and MHCII were slightly increased in the blank A2-LNP and
A18-LNP groups, compare to blank LNP group, indicating that hetero-
cyclic lipids could slightly induce DCs maturation (Fig. 4C, F, G).
Compared to the solution group, the secretion of cytokines and the
expression of CD40 and MHCII were significantly upregulated in LNPs
groups, particularly in the heterocyclic LNPs groups. And there was a
significant difference between the A18-LNP group and LNP group,
indicating that the heterocyclic LNPs groups had better DCs maturation,
with A18-LNP having the strongest DCs maturation capability (Fig. 4A-
G). Heterocyclic LNPs delivered much OVA and STAT3 siRNA into the
cytoplasm of DCs to promote DCs maturation, in addition, the unique
structural features of heterocyclic lipid may promote DCs maturation by
activating the STING pathway.

Recently, the STING signaling pathway has emerged as a toll-like
receptors/retinoic acid-inducible gene-I-like receptors (TLR/RLR)-in-
dependent mediator of the host innate immune response [46]. STING is
considered as a central regulator of innate and adaptive immunity.
When stimulated, STING induces type I IFN, the expression of cytokines
and T-cell recruitment factors leads to activate DCs and tumor-specific T
cells, significantly enhances tumor antigen-specific immune responses
[47,48]. The activated STING conformation changes and further acti-
vates downstream TANK-binding kinases 1 (TBK1) and the transcription
factor interferon regulatory factor 3 (IRF3), inducing the production of
type I IFN [47]. The ifnb1 genes were the main genes associated with
STING activation, and their expression leads to high secretion of type I
IFN and pro-inflammatory cytokines [49]. The enhanced STING acti-
vation by heterocyclic LNPs was evaluated, the expression of ifnbl
mRNA and IRF-3 were measured. The expression of ifnb] mRNA in the
heterocyclic LNPs groups was significantly higher than that in the LNP
group, with the A18-LNP group being 3.3 times higher than the LNP
group, suggesting that heterocyclic LNPs can promote ifnbl mRNA
expression (Fig. 5B). The expression of IRF-3 in the heterocyclic LNPs
groups was significantly higher than that in the LNP group, with the
A18-LNP group being 1.27 times higher than the LNP group, indicating
heterocyclic LNPs can promote IRF-3 expression (Fig. 5C, D and Fig.54).
Meanwhile, only heterocyclic LNPs groups significantly increased the
secretion of IFN-f (Fig. 4H), and the secretion of pro-inflammatory cy-
tokines were also higher than that of other groups (Fig. 4G). These
indicated heterocyclic lipids can activate the STING pathway. The cyclic
lipid head groups could bind with STING C-terminal domain binding
pocket, typically shared by the natural ligand c[G(2,5)pA(3',5)p]
(Protein Data Bank (PDB): 4EF4, 4KSY) and the small molecule DMXAA
(PDB: 4QXP). For PDB 4KSY, the dissociation constant (Kd) of A18 was
19.26 pM, and the Kd of A2 was 24.98 uM [33]. Thus, heterocyclic lipids
can activate the STING pathway.

The antigen is delivered to the cytoplasm of the APCs, where it can be
degraded by the proteasome and incorporated into MHC class I mole-
cules for cross-presentation to cytotoxic CD8"' T cells [49,50]. The an-
tibodies (H-2 Kb bound to SIINFEKL) react with the OVA-derived
peptide SIINFEKL bound to H-2 Kb of MHC class I. The antibodies
have proven to be very useful tracking the quantity of these specific
APCs. The antibodies were used to assess the antigen presentation
ability. Compared with Nc siRNA/OVA, the expression of SIINFEKL-
bound MHC I was improved in STAT3 siRNA/OVA, indicating STAT3
siRNA can improve antigen-presenting ability (Fig. 5I). Meanwhile, the
expression was increased in all LNPs groups. Moreover, heterocyclic
LNPs groups had a higher expression, indicating heterocyclic lipids
promoted powerful antigen presentation. These maybe due to more
antigen was delivered into the cytoplasm of APCs in heterocyclic LNPs.
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3.4. Heterocyclic LNPs promote DLN-targeted

Firstly, we studied the administration method on the effect of DLN-
targeted. After 6 h subcutaneous injection, the fluorescence intensity
of cy7-OVA and cy5-STAT3 siRNA in DLN was significantly higher than
other administrations (Fig.S6). The route of administration has a great

influence on the absorption of DLN, in which the nanocarriers are
enriched in the tissue mesenchyme after interstitial administration, and
are more likely to enter the lymphatic vessels due to the characteristics
of large interstitial spaces between lymphatic endothelial cells and the
lack of basement membrane. Interstitial administration injected anti-
gens can be captured by APCs such as DCs residing in peripheral tissues,
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which are then digested and rendered as MHC. Then activated MHC-
expressing APCs will cross the lymphatic endothelium from the inter-
stitium and enter the lymphatic vessels through the interstitial fluid.
Subcutaneous has high tissue interstitial pressure and higher lymphatic
flow rate, so the DLN absorption efficiency is the highest after subcu-
taneous administration [51,52]. Thus, LNPs were administered by sub-
cutaneous injection.

Besides, antigen capture and delivery to DLN in vivo was evaluated,
fluorescence intensity in DLN was significantly higher in mice treated
with free cy7-OVA followed by injection of blank LNPs than followed by
injection of PBS. Especially, the fluorescence intensity in DLN of blank
heterocyclic LNPs were much higher, the blank A18-LNP group was
69.61 times of PBS group, and was 11.41 times of blank LNP group,
demonstrating heterocyclic LNPs can capture free antigen and deliver
them to DLN (Fig. 6A). We expect heterocyclic LNPs to similarly capture
tumor associated antigens and presences them to APCs in DLN,
enhancing antitumor effect and reducing the immune escape. The bio-
distribution was also studied, heterocyclic LNPs delivered cargoes into
DLN (Fig. 6B, Cand Fig.S7). At 12 h, the CY7-OVA fluorescence intensity
in DLN of the A18-LNP group was 37.96 folds of solution group, and was
6.08 folds of LNP group, the CY5-STAT3 siRNA fluorescence intensity
was 56.14 folds of solution group, and was 11.85 folds of LNP group. The
distribution in the deep of DLN was also evaluated. The red fluorescence
intensity in heterocyclic LNPs was higher than LNP and the intensity of
A18-LNP group was highest (Fig. 6D, E). Surface charge is critical for
nanoparticle priming into the DLN. The tissue interstitium contains a
large amount of negatively charged glycosaminoglycans, so neutral and
negatively charged nanoparticles are more likely to drain from the
interstitium into the lymphatic vessels [53]. The zeta potential of het-
erocyclic LNPs was close to neutral, more likely to be delivered to DLN.
The retention of positively charged particles in the interstitium in-
creases, forming a “reservoir” in the subcutis, where the particles slowly
enter the lymphatic vessels or are taken up by APCs in the interstitium
and enter the lymphatic vessels. Furthermore, DLN contains a large
number of DCs, when nanoparticles are taken up by DCs, they can enter
the lymphatic vessels with DCs [54-56]. Compared to the LNP, the
heterocyclic LNPs had a better uptake by DCs, leading to enter DLN.
Thus, heterocyclic LNPs promote DLN-targeted.

3.5. Heterocyclic LNPs induce robust anti-cancer response

The tumor of STAT3 siRNA/OVA group was reduced, compared to
the Nc siRNA/OVA group, demonstrating combination of OVA and
STAT3 siRNA showed better anti-tumor effect. The tumor of LNPs
groups was significantly decreased, especially heterocyclic LNPs groups,
compared with STAT3 siRNA/OVA group. There was significantly dif-
ference between the LNP and heterocyclic LNPs, and A18-LNP had the
lowest tumor volume and weight (Fig. 7A, C, E). Remarkably, dramatic
apoptosis in tumor tissues of heterocyclic LNPs was elicited (Fig. 7G, H
and Fig.S8). Heterocyclic LNPs promoted the secretion of IL-12 and IFN-
y to induce the CTL response (Fig. 7D). Meanwhile, free OVA solution
showed very low antibody response due to its low immunogenicity.
Heterocyclic LNPs showed higher antibody response, especially A18-
LNP has the strongest antibody response (Fig. 7D). Heterocyclic LNPs
also induced the mRNA expression of ifnb1 and increased the secretion
of IFN-B, demonstrating activate the STING pathway in vivo (Fig. 7D, F).
Heterocyclic LNPs, especially A18-LNP, reduced the STAT3 mRNA
expression in tumors, demonstrating heterocyclic LNPs could effectively
silence STAT3 gene in vivo (Fig. 7F). Compared to the PBS group, the
body weight of all administrated groups was no significantly difference,
demonstrating the biosafety of LNPs (Fig. 7B). A significantly extended
survival rate was shown in LNPs groups, the median survival of A18-LNP
group (42 day) was significantly higher than LNP group (36 day)
(Fig. 7). Thus, codelivery of STAT3 siRNA and OVA by heterocyclic
LNPs, especially A18-LNP, significantly enhanced anti-cancer activity.
Heterocyclic LNPs targeted DLN, delivered much OVA and STAT3 siRNA
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into APCs, activated STING pathway, promoted DCs maturation,
improved antigen presentation, resulting a robust anti-cancer activity.

Compared to Nc siRNA/OVA group, STAT3 siRNA/OVA group
showed higher CD8" and CD4" T cells, indicating STAT3 siRNA can
promote the antitumor immune response of OVA (Fig. 8A-D, Fig. 9A-D).
The heterocyclic LNPs groups showed the highest CD8" T cells and
CD4" T cells. The tumor-infiltrating CD8" T cells in A18-LNP group
increased by 9.57-fold than PBS group. And there was a significantly
difference between the A18-LNP group and the LNP group, showing
heterocyclic LNPs had better anti-cancer immune response (Fig. 8D).
Moreover, active CD8" T cell infiltration was observed in the spleens
and tumors of heterocyclic LNPs groups, especially A18-LNP group
showed the best effect, suggesting heterocyclic LNPs can induce a robust
immune response (Fig. 8I and Fig.S9, 10).

The maturation of DCs in tumors, spleens, even DLNs were also
identified. Tumor associated DCs (TADC) are usually immature and
dysfunctional. Compared to the Nc siRNA/OVA group, the STAT3
siRNA/OVA group elevated the expression of CD86, demonstrating the
combination therapy can promote DCs maturation in vivo (Fig. 8E, G).
The proportion of maturated TADC in heterocyclic LNPs groups was
increased, the CD86"CD11c" cells in A18-LNP group increased by 6.06-
fold than PBS group (Fig. 8E, G). The proportion of maturated spleen
associated DCs was also increased in heterocyclic LNPs groups (Fig. 9E,
F, I). DLN is the main site where the vaccine produces its effects, the
maturated DCs in DLN was also identified. Compared to Nc siRNA/OVA,
STAT3 siRNA/OVA elevated the expression of CD40 and CD86, the
CD867CD40™ cells increased by 1.72-fold than Nc siRNA/OVA group.
The maturated DCs in DLN of heterocyclic LNPs groups was also
significantly increased, the CD86'CD40" cells in A18-LNP group
increased by 10.47-fold than PBS group, indicating heterocyclic LNPs
further promoted DCs maturation by targeting DLN (Fig. 9G, J).

Treg and MDSC play an important effect in tumor progression and
tumor immune escape. We identified the proportion of MDSC in tumors.
The Gr-17CD11b™ cells in STAT3 siRNA/OVA group was lower than that
in Nc siRNA/OVA group, indicating deletion of STAT3 gene was essen-
tial to overcome immunosuppression in TME. Furthermore, heterocyclic
LNPs reduced the proportion of MDSC, and heterocyclic LNPs and LNP
had a significant difference (Fig. 8F, H). Moreover, the heterocyclic
LNPs groups down-regulated the expression of FOXP3 in tumors, espe-
cially A18-LNP had the best down-regulation effect, indicating that
heterocyclic LNPs can abrogate immunosuppressive TME (Fig. 8I and
Fig.S10).

OVA-specific CTL response in vivo was evaluated. The OVA-specific
CD8" T cell could specifically kill the group of splenocytes pulsed
with SIINFEKL peptide (higher fluorescence) but not the unpulsed group
of splenocytes (lower fluorescence). The mice immunized with STAT3
siRNA/OVA and Nc siRNA/OVA showed less than 20% efficiency in
lysing SIINFEKL-pulsed splenocytes, LNP did increase the cell lysing
capability (still lower than 50%). The mice immunized with heterocyclic
LNPs showed significant OVA-specific CTL response (Fig. 9H, K), in
parallel with robust IFN-y secretion (Fig. 7D). The OVA-specific killing
of A18-LNP was 16-fold than that of PBS. These results showed that the
heterocyclic LNPs, especially A18-LNP enables the efficient CD8" T cell
activation. In summary, heterocyclic LNPs, especially A18-LNP, effec-
tively promoted DCs maturation, reduced immunosuppressive cells
(Tregs and MDSCs), further upregulated CD4" and CD8" T cells, and
facilitated the establishment of anti-tumor immune response.

The biosafety was also assessed, there was no significant difference
(Fig.S11A, B). And there was no significant organ damage (Fig.S11C).
Nuclear pyknosis, chromatin shrinkage and many cavities were identi-
fied in tumor tissues of LNPs groups, indicating an improved antitumor
effect. In brief, heterocyclic lipids can be used for safe and efficacious
anti-tumor immunity.
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Fig 7. The (A) tumor volume, (B) body weight change, and (C) tumor images of different treatments (n = 5). (D) The secretion of OVA-sIgG, IFN-y, IFN-f, IL-12 in
serum (n = 3). (E) The tumor weight (n = 5). (F) Relative fold induction of STAT3 and ifnb1 genes in tumors (n = 3). (G) Cell apoptosis in tumors was detected using
TUNEL assay, and (H) quantified the percentage of apoptotic cells (n = 3) (x200). (I) The survival curve of mice (n = 5). The mice with B16-OVA tumor were
administrated s.c. with 40 pg/mouse OVA and 1 nmol/mouse siRNA every 5 days for three doses. * vs STAT3 siRNA/OVA, # vs LNP.
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Fig 8. The tumor-infiltrating (A) CD4" and (B) CD8™" T cells. Quantification of (C) CD4" and (D) CD8" T cells (n = 3). (E) The maturation of DCs in mice tumor. (F)
MDSCs infiltration in tumor. (G) Quantitative results of % CD867CD11c" and (H) % CD11b"Gr-1" (n = 3). (I) The immunofluorescent staining test results of CD8
(red) and FOXP3 (green) in tumors (x400). * vs STAT3 siRNA/OVA, # vs LNP. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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STAT3 siRNA/OVA, # vs LNP.
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4. Conclusion

In this study, heterocyclic LNPs were employed as a STAT3 siRNA
and cancer vaccine carrier as well as a “self-adjuvant” by targeting DLN
and stimulating STING-mediated type I IFN innate immune response.
The OVA was cross-presented to activate T cells; the STAT3 siRNA acted
synergistically with OVA to promote DCs maturation, abrogate immu-
nosuppression, improve antigen presentation; heterocyclic lipids acti-
vated the STING pathway and induced the production of type I IFN. The
integration of promoted DCs maturation, enhanced antigen cross-
presentation, abrogated immunosuppression and activated STING acti-
vation can boost tumor immunotherapy. Compared to DLin-MC3-DMA
LNP, heterocyclic LNPs, especially A18-LNP, targeted DLN, delivered
much OVA and STAT3 siRNA into cytoplasm of DCs, activated STING
pathway, promoted DCs maturation, improved antigen presentation,
reduced immunosuppression in TME, thus, resulting a robust anti-cancer
response. Thus, heterocyclic LNPs efficiently delivered STAT3 siRNA
and cancer vaccine and simultaneously activated the immune system
through DLN-targeted and STING pathway, provided better antitumor
effects, suggesting a promising strategy for cancer immunotherapy.
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