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Purpose: Hepatocellular carcinoma (HCC) is one of the leading causes of cancer-related deaths 
worldwide. Most current therapeutic strategies primarily include localized treatment, lacking 
effective systemic strategies. Meanwhile, recent studies have suggested that RNA vaccines can 
effectively activate antigen-presenting cells (APCs) and lymphocytes to produce a strong sys-
temic immune response and inhibit tumor growth. However, tumor vaccines loaded with a single 
tumor antigen may induce immunosuppression and immune evasion, while identifying tumor- 
specific antigens can require expensive and laborious procedures. Therefore, the use of whole 
tumor cell antigens are currently considered to be promising, potentially effective, methods. 
Previously, we developed a targeted liposome-polycation-DNA (LPD) complex nanoparticle 
that possess a small size, high RNA encapsulation efficiency, and superior serum stability. These 
particles were found to successfully deliver RNA to tumor sites. In the current study, we 
encapsulated total tumor-derived RNA in lipid nanoparticles (LNPs) to target dendritic cells 
(DCs) to incite expeditious and robust anti-tumor immunity.
Methods: Total tumor-derived RNA was extracted from liver cancer cells (Hepa1-6 cells). LNPs 
loaded with tumor RNA were then prepared thin-film hydration method. The ability of RNA LNPs 
to induce DC maturation, cytotoxicity, and anti-tumor activity, was investigated in vitro and in vivo.
Results: The average particle size of LNPs and RNA LNPs was 102.22 ± 4.05 nm and 209.68 ± 
6.14 nm, respectively, while the zeta potential was 29.97 ± 0.61 mV and 42.03 ± 0.42 mV, 
respectively. Both LNPs and RNA LNP vaccines exhibited good distribution and stability. In 
vitro, RNA LNP vaccines were capable of promoting DC maturation and inducing T lymphocytes 
to kill Hepa1-6 cells. In vivo, RNA LNP vaccines effectively prevent and inhibit HCC growth.
Conclusion: RNA LNPs may serve as an effective antigen specific vaccine to induce anti- 
tumor immunity for HCC.
Keywords: RNA lipid nanoparticles, tumor vaccine, dendritic cells, cancer immunotherapy

Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignant cancers 
worldwide, with frequent recurrence and poor prognosis. Conventional therapy has 
limited efficacy against HCC. Therefore, an urgent need exists to develop effective 
therapies.1 The advent of immunotherapy has revolutionized cancer treatment due 
to its mild side effects and significant therapeutic effects. In fact, it is now 
considered the fourth most commonly administered tumor treatment method, after 
surgery, radiotherapy, and chemotherapy.2–4

Tumor vaccines, specifically, have attracted increasing attention in cancer 
immunotherapy. These vaccines can activate host immunity against tumors by 
exploiting the different protein expressions of tumor and normal cells to effectively 
present tumor antigens and activate specific cytotoxic T cells (CTLs) with high 

Correspondence: Jie Gao  
Institute of Translational Medicine, 
Shanghai University, Shanghai, 200444, 
People’s Republic of China  
Tel/Fax + 86-0577-88816381  
Email gaojiehighclea@163.com   

Jun Li  
Laboratory of Drug Discovery and 
Design, School of Pharmacy, Liaocheng 
University, Liaocheng, 252000, People’s 
Republic of China  
Tel/Fax + 86-0577-88816381  
Email lijun1982@lcu.edu.cn

submit your manuscript | www.dovepress.com International Journal of Nanomedicine 2021:16 1553–1564                                               1553

http://doi.org/10.2147/IJN.S291421 

DovePress © 2021 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

mailto:gaojiehighclea@163.com
mailto:lijun1982@lcu.edu.cn
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com


specificity and low side effects.5–8 However, numerous 
factors hinder the application of tumor vaccines, including 
poor antigenicity, as well as systemic and intratumoral 
immunosuppression.

To overcome these obstacles, RNA vaccines have been 
developed to incite expeditious and robust anti-tumor 
immunity.9 Compared with traditional vaccines, RNA vac-
cines are capable of bypassing MHC classification restric-
tion, eliciting immunogenicity without the need for 
adjuvant, and are readily produced and safely stored. In 
addition, RNA vaccines do not integrate into the genome, 
exhibiting a high safety profile.10 However, RNA vaccines 
targeting tumor-associated, or tumor-specific epitopes, can 
cause profound intratumoral and systemic immunosup-
pression that may facilitate immune evasion. Moreover, 
although tumor cells may be heterogeneous, it is difficult 
to identify specific antigens expressed by all tumor 
cells.11,12 To address this challenge, dendritic cell (DC)- 
based tumor vaccines loaded with RNA derived from the 
whole transcriptome have been designed. In 2018, 
a randomized controlled Phase III clinical trial reported 
that the DC Vax-L vaccine (dendritic cell vaccine loaded 
with autologous tumor cell lysate from glioma patients) 
significantly improved the survival rate of newly diag-
nosed glioblastoma patients.13 Mu et al also reported that 
among 19 patients with androgen-resistant prostate cancer 
treated with DC vaccines loaded with total tumor-derived 
mRNA, 8 patients progressed, 11 patients were considered 
to have stable disease, and 13 patients showed a decrease 
in serum prostate-specific antigen levels.14 Therefore, DC- 
based tumor vaccines loaded with whole transcriptome 
RNA may offer potential clinical significance.

However, one disadvantage of RNA is its inherent 
instability. Indeed, naked RNA administered to patients 
in vivo will be degraded and inactivated before localizing 
to antigen-presenting cells (APCs), making it difficult to 
stimulate a specific tumor immune response. Meanwhile, 
nanocarriers, a new type of nano-drug delivery system, 
have been developed as delivery vehicles for RNA, 
which can efficiently deliver tumor antigen RNA to DCs 
and induce immune responses.15–18 Compared with com-
mon tumor vaccines, nanocarriers that deliver tumor anti-
gen RNA have many advantages: 1) Nanocarriers can 
effectively prevent RNA degradation and increase stabi-
lity. 2) RNA can efficiently encode multiple tumor anti-
gens. 3) Nanocarriers can simultaneously encapsulate 
immune adjuvants and enhance the immunogenicity of 
the vaccine. 4) Compared with free drugs, nanocarriers 

are more readily recognized and engulfed by APCs. 5) 
Nanocarriers can increase the cross-presentation of anti-
gens, thereby increasing the CTL response. 6) Ligand 
modification improves the targeting of APCs.19–21

Due to the large amount of preclinical toxicity data and 
promising safety data, nanoliposomes have been developed 
as delivery vehicles for RNA in human trials. Kranz et al 
encapsulated RNA encoding tumor antigens into lipoplexes, 
which target DCs and activate tumor-specific T cell immune 
effects.22 After successfully verifying the anti-tumor effect 
of the lipoplexes in mice, a clinical trial was carried out in 
three patients with advanced skin cancer, and a strong tumor 
immune response was detected. Currently, many RNA- 
liposomal cancer vaccines are in human clinical trials and 
have shown encouraging early results.23 Therefore, RNA- 
nanoliposomes are expected to achieve rapid and effective 
anti-tumor immunity.

Previously, we developed targeted LPD (liposome- 
polycation-DNA complexes) for siRNA delivery, which 
are small in size, with high siRNA encapsulation effi-
ciency, superior serum stability, and the ability to success-
fully deliver siRNA to tumor sites.24–26 Similarly, Leaf 
Huang’s research group also used LPD nanoparticles to 
target delivery of the large nucleic acid molecule, PD-L1 
trap plasmid, to locally, and transiently, produce PD-L1 
trap fusion protein in tumor tissues.27 Therefore, in this 
study, we extracted the total RNA of liver cancer cells and 
loaded them on the lipid nanoparticles (LNPs) to construct 
a DC-targeted RNA LNP cancer vaccine. These vaccines 
are expected to be effectively translate, process, and pre-
sent RNA on MHC molecules in DCs, inducing high- 
efficiency anti-liver cancer cell-specific immune 
responses. Hence the results of this research can provide 
a new tumor vaccine with high-efficiency and low toxicity 
for immunotherapy of liver cancer, which has important 
theoretical significance and potential clinical applications 
for tumor immunotherapy of HCCs and other tumors.

Materials and Methods
Materials, Cell Culture, and Mice
DOTAP and CHOL were purchased from Avanti Co., Ltd. 
(AL, USA; purity ≥ 98%). Dimethyl sulfoxide (DMSO) and 
lipopolysaccharide (LPS) were provided by Sigma-Aldrich 
(MO, USA). Dulbecco’s modified Eagle’s medium 
(DMEM) with high glucose, DMEM-F12, penicillin- 
streptomycin, fetal bovine serum (FBS), MEM NEAA, 
HEPES, sodium pyruvate, trypsin, and phosphate-buffered 
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saline (PBS) were provided by Thermo Fisher Scientific 
(Waltham, MA, USA). The APC-CD40, APC-CD80, APC- 
CD86, FITC-CD11c, PE-MHCII, and FITC-CD8 antibodies 
were purchased from BD Bioscience Co., Ltd. (USA). GM- 
CSF and IL-4 were obtained from Pepro Tech (USA). CD8 
immunomagnetic bead kits were purchased from 
Intervention (USA). The Cell Counting Kit-8 from Gibco 
(USA) and Cyto Tox 96 Non-Radioactive Cytotoxicity 
Assay Kit was purchased from Promega (Japan).

Hepa1-6 cells were purchased from the Institute of 
Chinese Academy of Sciences and cultured in 
a humidified atmosphere of 5% CO2 at 37°C. The cells 
were cultured in DMEM supplemented with 10% FBS and 
100 μg/mL penicillin-streptomycin. C57BL/6 mice were 
purchased from Jinan Pengyue Laboratories. All animal 
studies were approved by the Ethics Committee of 
Liaocheng University. All animal procedures were per-
formed in accordance with the guidelines of the 
Committee on Animal of Liaocheng University.

RNA Isolation
RNA was isolated as previously described.15 Briefly, total 
tumor-derived RNA from Hepa1-6 cells was isolated using 
TRIzol reagent following the manufacturer’s instructions. 
RNA was spectrophotometrically quantified at 260 and 
280 nm using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific, USA).

Lipid Nanoparticle Preparation
The film hydration method was used to prepare cationic 
lipid nanoparticles (LNPs) with a final concentration of 
2.5 mg/mL. First, 5 mg of DOTAP was dissolved in 10 mL 
of chloroform solution in an eggplant-shaped flask. The 
solution was rotated and evaporated in a vacuum at 45 °C 
for 30 min to generate a uniform lipid film. Next, 2 mL of 
PBS was added to resuspend the lipid film in a water bath 
at 50 °C for 2 h. The mixture was extruded through 200 
nm, 100 nm, and 50 nm polycarbonate membranes to 
obtain LNPs.

Lipid Nanoparticle Stability
LNPs were stored at 4 °C for two weeks, and the particle 
size was measured each day. The storage stability was 
determined by changing the particle size.

RNA Lipid Nanoparticle Preparation
A certain volume of RNA and LNPs were mixed and 
incubated at room temperature for 15–20 min to obtain 

the RNA-DOTAP complex (the mass ratio of RNA to 
LNPs was 1:15). In vitro, 200 μM RNA was added to 
every 1 × 105 cells in PBS buffer. In vivo, 25 μg RNA 
was administered to each mouse; 200 μL of RNA LNPs 
was injected into C57Bl/6 mice through the tail vein. In 
both cases, the mixture was stored at room temperature (15 
−20 min) to facilitate complex formation.

RNA Lipid Nanoparticle Gel Retardation 
Assay
A certain volume of DL2000 marker, RNA, LNPs, RNA 
LNPs with 5% TritonX-100, and RNA LNPs with DEPC 
water were made to a final volume of 20 μL with 1 × 
loading buffer, and quickly added to 1% agarose gel. Gel 
electrophoresis was carried out at 120 V for 20 min, and 
the gel was imaged.

Dendritic Cells and T Cells
Bone marrow was harvested from naive C57BL/6 mice, 
mature DCs were then generated by RNA LNPs and 1 μg/ 
mL LPS and activated ex vivo based on previously pub-
lished methods.28 DCs were cultured in RPMI1640 med-
ium supplemented with 100 μg/mL GM-CSF and 100 μg/ 
mL IL-4. T cells were acquired from the spleens of 
C57BL/6 mice. CD8+ T cells were isolated using a CD8 
immunomagnetic bead kit, cultured in RPMI1640 medium 
buffer with (100X) MEM NEAA, (1000X) HEPES, and 
(100 mM) sodium pyruvate and expanded and activated ex 
vivo based on previously published methods.28

Detecting the Cytotoxicity of RNA Lipid 
Nanoparticles on Dendritic Cells
Cytotoxic effects of RNA LNPs against DCs were mea-
sured using CCK-8 assays. Briefly, immature DCs on the 
fifth day were seeded at a density of 8 × 104 cells/well in 
96-well plates and incubated for 24 h or 48 h. The medium 
was then replaced with fresh medium containing 100 μL of 
RNA LNPs at varying concentrations (0.2 μM, 2 μM, 20 
μM, 200 μM) and incubated for 24 h or 48 h. Next, 20 μL 
of CCK-8 solution was added to each well to evaluate 
cytotoxicity. After incubation for approximately 4 h, the 
absorbance of each well was read at 450 nm using 
a microplate reader (Thermo Scientific, USA).

Flow Cytometric Analysis
The maturity of DCs was analyzed by flow cytometry (BD 
Canto10C, USA). Briefly, RNA-DCs and RNA LNP-DCs 
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were harvested from immature DCs (iDCs) within 48 h of 
incubation with RNA and RNA LNPs and washed and 
centrifuged twice with PBS. Next, 1 μg of fluorescent 
antibodies (CD40, CD86, MHC II, CD80, CD11c) was 
added to samples for surface expression and incubated in 
the dark for 30 min at room temperature. Finally, 500 μL 
PBS was added to resuspend the cells for flow cytometric 
analysis.

T Cell Proliferation Analysis
T cell proliferation was determined using the CCK-8 assay 
following the manufacturer’s instructions. Briefly, RNA- 
DCs, RNA LNP-DCs, and mature DCs (mDCs) were 
cultured with CD8+ T lymphocytes at a ratio of 10:1 for 
7 days. Subsequently, 10 μL of CCK-8 solution was added 
to each well to evaluate cytotoxicity. After incubation for 4 
h, the absorbance was measured at 450 nm using 
a microplate reader (Thermo Scientific, USA).

T Cell Cytotoxicity Analysis
T cell cytotoxicity was evaluated using the Cyto Tox 96 
Non-Radioactive Cytotoxicity Assay Kit according to the 
manufacturer’s instructions. Briefly, Hepa1-6 cells at 
a density of 1 × 104 cells/well were seeded in 48-well 
plates. T cells were then divided into three groups: i) 
T cells stimulated by mDC alone (DC-CTLs); ii) T cells 
stimulated by RNA-DC-CTLs; iii) T cells stimulated by 
RNA LNP-DC-CTLs. The T cells were then cultured with 
Hepa1-6 cells at various ratios (100:1, 40:1, 10:1) for 4 
h. Finally, the absorbance was measured at 490 nm using 
a microplate reader (Thermo Scientific, USA). The follow-
ing formula was used to calculate cell viability: ([A – B]/ 
[C – B]) × 100%. Where A, B, and C are defined as the 
absorbance of experimental groups, total natural release 
groups, and largest release groups, respectively.

Tumor Implantation
Tumor cells were harvested with trypsin and suspended in 
serum-containing media before being washed in PBS. For 
subcutaneous tumors, cell pellets were resuspended in the 
appropriate PBS concentration, 4 × 106 cells per mouse. 
Tumors were injected subcutaneously into the lateral back of 
C57BL/6 mice.

In vivo Anti-Tumor Assays
The preventive and therapeutic effects of RNA LNPs 
in vivo were evaluated in mice bearing subcutaneous 
tumors derived from liver cancer cells. To assess the 

preventive effects of vaccines, mice were first injected 
with tumor vaccines, followed by tumor cells. The 
C57BL/6 mice (male, 4-week-old, approximately 13 g) 
were randomly assigned to two groups (n = 6 mice per 
group). Briefly, mice were injected intravenously with 200 
μL of PBS or RNA LNPs on days 0, 3, and 6, and 
inoculated subcutaneously in the right back with 4 × 106 

Hepa1-6 cells on day 10. Finally, the tumors were har-
vested on day 31. In addition, to determine the therapeutic 
effects of the vaccines, mice were first injected with tumor 
cells, followed by tumor vaccines. The C57BL/6 mice 
(male, 4-week-old, approximately 13 g) were randomly 
assigned to two groups (n = 6 mice per group). Briefly, 
mice were inoculated subcutaneously in the right back 
with 4 × 106 Hepa1-6 cells on day 0 and injected intrave-
nously with 200 μL of PBS or RNA LNPs on days 3, 6, 
and 10. Finally, the tumors were harvested on day 21. 
Tumor volumes were evaluated using calipers to assess 
the maximum longitudinal (length) and transverse (width) 
diameters and calculated by the modified ellipsoidal for-
mula [0.5 (length × width2)]. The body weight of the mice 
was monitored every 3 days.

Statistical Analysis
All data were expressed as the mean value of standard 
deviations, and statistical analysis was performed using 
SPSS 25.0 software. Student’s unpaired t-tests and one- 
way analysis of variance were used to detect statistical 
differences between groups. A p < 0.05 was considered 
statistically significant.

Results
Characterization of Lipid Nanoparticles
To characterize the formulation, we performed dynamic 
light scattering on LNPs and RNA LNPs. The average 
particle size of the LNPs was 102.22 ± 4.05 nm and the 
zeta potential was 29.97± 0.61 mV (Figure 1A and C). 
Meanwhile, when total tumor-derived RNA was encapsu-
lated, the size increased to 209.68 ± 6.14 nm, and the zeta 
potential was 42.03 ± 0.42 mV (Figure 1B and D). The 
stability of the LNPs was also investigated, however, their 
size was unchanged over two weeks and was maintained at 
approximately 100 nm (Figure 1E).

Next, the gel retardation assay was used to evaluate the 
binding ability of LNPs to RNA. Results show that RNA was 
trapped within the gel well, however, became released after 
RNA LNPs were destroyed by 5% TritonX-100, resulting in 
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the generation of a bright band in the gel image (Figure 1F). 
Hence, LNPs exhibited a strong binding capacity for RNA.

To evaluate the safety of RNA LNPs, the CCK-8 assay 
was used to determine the effects of various concentrations 
of RNA LNPs on the viability of DCs at 24 and 48 h. Results 
demonstrate that RNA NPs had no obvious cytotoxicity at 
the indicated concentrations, demonstrating that RNA LNPs 
were safe at concentrations below 200 μM (Figure 1G).

RNA Lipid Nanoparticles Promote 
Dendritic Cell Maturation in vitro
The expression of CD40, CD80, CD86, CD11c, and 
MHCII molecules on DCs was determined by flow cyto-
metry. Both RNA-DCs and RNA LNP-DCs were found to 
have significantly increased expression of surface mole-
cules compared to iDCs, which was similar to that of 
mDCs (Figure 2). This demonstrated that RNA LNPs 
could efficiently promote DC maturation in vitro.

RNA Lipid Nanoparticles Induce 
Dendritic Cell and T Cell Activation 
in vitro
Since CD8+ T lymphocytes have a strong ability to 
specifically inhibit tumor growth, obtaining higher pur-
ity CD8+ T cells can facilitate more efficient killing of 
tumor cells. First, we isolated CD8+ T cells by mag-
netic-activated cell sorting (MACS), the purity of 
which was determined to be 81.4%, which was signifi-
cantly improved compared to the 19.3% before isola-
tion (Figure 3A and B). Next, RNA-DCs, RNA LNP- 
DCs, and mDCs were cultured with CD8+ 

T lymphocytes at a ratio of 10: 1 for 7 days. T cell 
proliferation stimulated by DCs was measured using 
the CCK-8 assay. Results show that RNA-DCs, RNA 
LNP-DCs, mDCs, and iDCs stimulated CD8+ 

T lymphocytes to expand by 51.8%, 51.3%, 50.2%, 

Figure 1 Characterization of lipid nanoparticles and RNA lipid nanoparticles. (A) Size distribution of LNPs and (B) RNA LNPs. (C) Zeta potential of LNPs and (D) RNA 
LNPs. (E) Stability of LNPs. (F) Gel retardation assay demonstrating the complexation efficiency of RNA by LNPs. Lane 1: DL2000 Marker, Lane 2: free RNA control, Lane 3: 
LNPs, Lane 4: RNA LNPs, Lane 5: blank, Lane 6: RNA LNPs with 5% Triton X-100, Lane 7: DL200 Marker. DL2000 Marker bands from top to bottom were 2000, 1000, 750, 
500, 250, 100 bp. (G) Cytotoxicity of RNA LNPs against DCs at 24 and 48 h. Data are presented as means ± standard deviations (n = 3).
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and 50.1%, respectively (Figure 3C). Meanwhile, the 
cytotoxicity of RNA LNP-DC-CTLs, RNA-DC-CTLs, 
and DC-CTLs targeting Hepa1-6 cells was evaluated 
by Cyto Tox 96 Non-Radioactive Cytotoxicity Assay. 
The results showed that RNA LNP-DC-CTLs were the 
most efficient against Hepa1-6 cells, followed by RNA- 
DC-CTLs and DC-CTLs (Figure 3D). This suggests 
that RNA LNP vaccines could induce specific CTLs 
against Hepa1-6 cells.

Preventive and Therapeutic Effects of Tumor 
Vaccines on Hepatocellular Carcinoma
To determine the preventive effects of RNA LNPs on HCC, 
C57BL/6 mice were immunized intravenously with RNA 
LNPs three times at 3 day intervals, followed by subcutaneous 
challenge with 4 × 106 Hepa1-6 cells; tumors were harvested 
on day 31 (Figure 4A). Compared with the PBS treatment 
group, significantly delayed tumor growth was observed in 

Figure 2 RNA lipid nanoparticles promote dendritic cell maturation in vitro. Surface protein expression of (A) CD40, (B) CD80, (C) CD86, (D) CD11c, and (E) MHCII, as 
measured by flow cytometry. (F) Percentage of positive cells. Data are presented as means ± standard deviations (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001. 
Abbreviations: iDC, immature dendritic cell; mDC, mature dendritic cell.
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RNA LNP-treated mice, and no significant difference was 
noted in the body weight of the mice (Figure 4B–D).

Next, the anti-tumor activity of RNA LNPs was investi-
gated in a Hepa1-6 tumor-bearing mouse model. C57BL/6 
mice were implanted subcutaneously with Hepa1-6 tumors, 
followed by tail vein injection of RNA LNPs three times at 
3 day intervals. Tumors were harvested from surviving 
animals on day 21 (Figure 5A). The results were similar to 
the preventive effect with RNA LNPs exhibiting a stronger 
inhibitory effect on tumor growth than PBS (Figure 5B–D). 
These results demonstrate that RNA LNPs can effectively 
prevent and inhibit the growth of Hepa1-6 tumors in vivo.

Discussion
Liver cancer is a malignant tumor with a poor prognosis 
and high incidence. To date, its therapeutic strategies 

have primarily focused on local treatment with no effec-
tive systemic treatment. Since the 20th century, methods 
have been developed that exploit the specificity of the 
immune system to eliminate tumors. Tumor immunity is 
based on immunological principles to improve the 
immunogenicity of tumor cells and the activity of effec-
tor cells, stimulate and enhance the body’s anti-tumor 
immune response, and cooperate with the body’s 
immune system to inhibit tumor growth.29–32 Over the 
past few decades, several effective strategies have been 
developed. Among them, tumor vaccines have been 
widely used in clinical studies and are a promising 
approach for cancer immunotherapy. However, many 
tumor patients are insensitive to these vaccines due to 
their weak immunogenicity as well as the associated 
systemic and intratumoral immunosuppression. In this 

Figure 3 RNA lipid nanoparticles induce dendritic cell and T cell activation in vitro. Positive CD8 T lymphocyte cells were isolated and cultured. Purity of positive CD8 
T lymphocytes before (A) and after (B) isolation, as determined by flow cytometry. (C) Proliferation assay for T cells activated by RNA LNPs-DC, RNA-DC, mDC, or iDC 
at a ratio of 10:1 for seven days. (D) Cytotoxicity assay for effector T cells activated by RNA LNPs-DC, RNA-DCs, or DCs against Hepa1-6 target cells at different effect to 
target ratios. Data are presented as means ± standard deviations (n = 3). *p < 0.05; ***p < 0.001.
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study, total tumor-derived RNA was extracted from liver 
cancer cells and encapsulated to construct a liver cancer 
cell RNA LNP vaccine with DC-targeting ability. The 
RNA LNP vaccine can translate and synthesize tumor 
antigens in DCs, induce high-efficiency anti-HCC speci-
fic immune responses, and inhibit the growth of HCC.

The anti-tumor effect of tumor vaccines depends on 
their effective presentation of tumor antigens to sensitize 
and induce specific CTLs. Hence, tumor vaccines based on 
predetermined tumor antigen peptides or proteins have an 
inherent risk of not presenting effective antigens, resulting 
in immunosuppression and potential immune evasion. In 
addition, the disadvantage of this strategy is that it requires 
expensive and laborious procedures to identify tumor- 
specific antigens. To overcome these limitations, tumor 
vaccines based on antigens derived from whole tumor 
cells have been developed.33–35 As confirmed by the 
results of a large number of clinical trials, this type of 
vaccine has shown broad prospects in cancer treatment. 

One promising resource for whole tumor antigens is total 
tumor-derived RNA, which was applied in the current 
study. Herein, we isolated total RNA from Hepa1-6 cells 
using TRIzol reagent to promote the potency and durabil-
ity of anti-tumor immunity.

Nucleic acid vaccines also have the advantages of easy 
production and operation, stable product efficacy, and 
good safety. Meanwhile, RNA offers several advantages 
over DNA. First, RNA must only be delivered to the 
cytoplasm, not the nucleus, which provides fewer chal-
lenges to the development of drug delivery vehicles. 
Second, RNA does not integrate into the genome and, 
therefore, is does not carry a risk of mutagenesis. Third, 
RNA is readily produced in large quantities and with high 
purity through in vitro transcription. Fourth, RNA is easily 
degraded in serum, thereby reducing potential safety 
issues. However, low serum stability also constitutes an 
obstacle to the development of RNA nanomedicine, thus, 
a carrier that can adequately protect RNA from premature 

Figure 4 Preventive effects of tumor vaccines on hepatocellular carcinoma. (A) A total of 200 μL RNA LNPs were injected on days 0, 3, 6 via the tail vein. Then 4 × 106 

Hepa1-6 cells were implanted in the flanks of C57BL/6 mice on day 10. Finally, tumor cells were harvested on day 31. (B) Tumor growth curves for mice treated with 
PBS and RNA LNPs. (C) Body weight measurements for study duration. (D) Images of excised tumors at the end point. Data are presented as means ± standard 
deviations (n = 6). *p < 0.05.
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degradation is required. In addition, the efficacy of RNA 
must be improved to account for sufficient protein 
production.

DOTAP is one of the earliest developed liposomes and 
has been well studied with a promising safety profile.36 We 
have previously developed DOTAP LPDs for siRNA 
delivery with superior stability and targeting. Combining 
this RNA delivery carrier with DCs, the most potent APCs 
in the body that have been used in many tumor vaccine 
immunotherapy trials, is considered to be an effective 
approach to induce potentially therapeutic immune 
responses. Moreover, compared with free drugs, nanocar-
riers are more readily recognized and phagocytosed by 
DCs. Therefore, we encapsulated RNA in LNPs, which 
not only improved the stability and transfection efficiency 
of RNA, but also promoted the phagocytosis of DCs and 
anti-tumor immunity.

DCs can process and present tumor antigens and induce 
CTLs with specific killing ability, thereby inhibiting tumor 
growth.37,38 At present, RNA-pulsed DC vaccines have been 

developed, which have shown promise in clinical trials of 
tumor patients, however, are limited by their costly and tedious 
preparation process and short shelf-life. Alternatively, RNA 
LNPs can be produced within a few days after the patient 
undergoes a biopsy, thereby shortening the time required to 
generate a personalized vaccine. Moreover, nanoliposomes 
(such as DOTAP) have been used in several clinical trials to 
enhance the delivery of drugs, plasmids, and oligonucleotides, 
which can be easily made into clinical-grade preparations with 
favorable safety profiles and can be engineered to upregulate 
innate and adaptive host immunity. Therefore, RNA LNP 
vaccines have promising application prospects in the clinical 
application of tumor immunotherapy.

Conclusion
Following administration, tumor RNA LNPs become 
ingested by DCs, resulting in DC maturation and translation 
of tumor antigens. Subsequently, DCs migrate to peripheral 
lymphoid organs, where they activate both tumor antigen 
specific CD8+ T cells (CTL cells) through the endogenous 

Figure 5 Treatment effects of tumor vaccines against hepatocellular carcinoma. (A) 4 × 106 Hepa1-6 cells were implanted in the flanks of C57BL/6 mice on day 0. Then 200 μL of 
RNA LNPs were injected on days 3, 6, and 10 via the tail vein. Finally, tumor cells were harvested on day 21. (B) Tumor growth curves for mice treated with PBS and RNA LNPs. (C) 
Body weight measurements for study duration. (D) Images of excised tumors at the end point. Data are presented as means ± standard deviations (n = 6). *p < 0.05.
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antigen processing and presentation pathway, and activated 
CD4+ T cells (Th cells), which can provide a co-stimulatory 
signal for CTL activation through the cross-presentation 
pathway. Subsequently, effector T cells home from periph-
eral lymphoid organs to the tumor site through lymphocyte 
recirculation and trigger a specific anti-tumor immune 
response (Figure 6). This indicates the role of tumor RNA 
LNPs as potent anti-tumor vaccines.
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Figure 6 Tumor vaccine and tumor immunotherapy. Total tumor RNA was extracted and mixed with an immune adjuvant to formulate tumor vaccine. Tumor antigen was 
expressed and presented or cross-presented to Th and Tc cells by antigen presenting cells (DCs) in lymph node to generate specific anti-tumor response. 
Abbreviations: Ab, antibody; Ag, antigen; BCR, B cell receptor; TCR, T-cell receptor; MHC, major histocompatibility complex; PRR, pattern recognition receptors; Th1/2, 
T helper type 1/2; CTL, cytotoxic T-lymphocyte; CTLA4, cytotoxic T-lymphocyte-associated protein 4; Treg, regulatory T cell; DC, dendritic cell; NK, natural killer cell; 
MDSC, myeloid-derived suppressor cell; ADCC, antibody-dependent cellular cytotoxicity; CDC, complement-dependent cytotoxicity; SIRPα, signal regulatory protein α; 
LILRB1, leukocyte immunoglobulin like receptor B1; TIM-3, T-cell immunoglobulin and mucin domain-3; PD1, programmed cell death protein 1; PD-L1, programmed death- 
ligand 1; IL-2, Interleukin-2; IFNγ, Interferon γ; KIR, killer cell immunoglobulin-like receptor; NKG2D, natural killer group 2 member D.
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