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Background: Previously, we demonstrated the therapeutic efficacy of a human papillo-
mavirus (HPV) vaccine, including HPV16 E7 peptide and CpG oligodeoxynucleotides 
(CpG ODN), against small TC-1 grafted tumors. Here, we developed an HPV16 E7 peptide 
and CpG ODN vaccine delivered using liposomes modified with DC-targeting mannose, 
Lip E7/CpG, and determined its anti-tumor effects and influence on systemic immune 
responses and the tumor microenvironment (TME) in a mouse large TC-1 grafted tumor 
model.
Methods: L-alpha-phosphatidyl choline (SPC), cholesterol (CHOL), 1,2-distearoyl-sn- 
glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol-2000)] (DSPE-PEG 
-2000), 1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP) and Mannose- 
PEG-DSPE, loaded with HPV16 E7 peptide and CpG ODN, were used to construct the Lip 
E7/CpG vaccine. The anti-tumor effects and potential mechanism of Lip E7/CpG were 
assessed by assays of tumor growth inhibition, immune cells, in vivo cytotoxic 
T lymphocyte (CTL) responses and cytokines, chemokines, CD31, Ki67 and p53 expression 
in the TME. In addition, toxicity of Lip E7/CpG to major organs was evaluated.
Results: Lip E7/CpG had a diameter of 122.21±8.37 nm and remained stable at 4°C for 7 
days. Co-delivery of HPV16 E7 peptide and CpG ODN by liposomes exerted potent anti- 
tumor effects in large (tumor volume ≥200mm3) TC-1 grafted tumor-bearing mice with 
inhibition rates of 80% and 78% relative to the control and Free E7/CpG groups, respec-
tively. Vaccination significantly increased numbers of CD4+ and CD8+ T cells, and IFN-γ- 
producing cells in spleens and tumors and enhanced HPV-specific CTL responses, while 
reducing numbers of inhibitory cells including myeloid-derived suppressor cells and macro-
phages. Expression of cytokines and chemokines was altered and formation of tumor blood 
vessels was reduced in the Lip E7/CpG group, indicating possible modulation of the 
immunosuppressive TME to promote anti-tumor responses. Lip E7/CpG did not cause 
morphological changes in major organs.
Conclusion: Lip E7/CpG induced anti-tumor effects by enhancing cellular immunity and 
improving tumor-associated immunosuppression. Mannose-modified liposomes are the pro-
mising vaccine delivery strategy for cancer immunotherapy.
Keywords: immunotherapy, human papillomavirus, peptide vaccine, CpG ODN adjuvant, 
liposome, tumor microenvironment
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Introduction
Treatment of cancer remains a challenge worldwide. 
Detection of tumors at primary stages and prompt com-
mencement of surgical treatment combined with che-
motherapy and radiotherapy is an effective treatment 
strategy with the best prognosis.1 When patients present 
with locally advanced, metastatic, or recurrent stage dis-
ease, when the potential for conventional anti-tumor ther-
apy is limited, immunotherapy can be used as a novel 
strategy to improve outcomes. Immunotherapy 
approaches, including peptide vaccination, adoptive 
T-cell therapy, and immune checkpoint inhibition, have 
shown promising objective response rates and led to 
improved survival in patients who fail to respond to stan-
dard therapies.2–4

As one of the most developed immunotherapy 
approaches, peptide vaccines have achieved tremendous 
scientific advances because of their unique advantages. 
Peptide vaccines constituting highly purified peptides are 
at the forefront of vaccine research, owing to their strong 
safety profile, relative ease of production, and low produc-
tion costs, relative to classical live attenuated or killed 
vaccines; however, peptide vaccines generally show poor 
immunogenicity due to rapid degradation in vivo, which 
reduces their dose-effectiveness.5,6

In our previous study, we investigated the anti-tumor 
effect of an HPV peptide vaccine, including CpG oligo-
deoxynucleotides (CpG ODN) 1826 as an adjuvant and 
HPV16 E7 43–77 peptide as an antigen, which contains 
a CD8 T cell epitope (E7 49–57), and two CD4 T cell 
epitopes (E7 43–77 and E7 50–62). A single administra-
tion of the vaccine before and 4 days after inoculation with 
TC-1 cells expressing HPV16 E6/E7 induced immune 
responses and resulted in significant prophylactic and ther-
apeutic effects on TC-1 grafted tumors in mice;7 however, 
this approach was less successful when used at later stages 
of tumor growth. Evidence indicated that the surviving 
tumor cells developed various mechanisms to avoid 
immune recognition and elimination during tumor progres-
sion, offsetting the effects of a theoretically efficient 
immunotherapy.8,9 Therefore, development of an effective 
immunotherapy against locally advanced cancers remains 
a challenge.

Antigen presenting cells, especially dendritic cells 
(DCs), are important in peptide vaccine processing to 
induce an effective immune response in vivo.10 After 
DCs phagocytose peptide vaccine, they migrate to the 

lymph nodes and present antigens on their surface via 
major histocompatibility complex class I (MHC-I) and II 
(MHC-II) molecules, thereby stimulating the differentia-
tion of naïve CD8+ T cells into cytotoxic T lymphocytes 
(CTLs), and CD4+ T cells into a variety of T cell subsets, 
respectively.11 Optimal antigen loading and activation of 
DCs is crucial for initiation of an efficient immune 
response. The identification of DC-specific receptors has 
promoted the development of DC-targeting vaccines. DCs 
express mannose receptors (belonging to the C-type lectin 
receptor family) and DC-specific receptors (such as 
CD205 and DC-SIGN),12,13 targeting and activation of 
which can enhance DC-mediated antitumor activities. 
Further, delivery of tumor-specific antigen alongside 
appropriate DC maturation stimuli is critical for improving 
immunotherapeutic effects.14,15 CpG ODN acts as a potent 
adjuvant for activation of immature DCs via Toll-like 
receptor 9 (TLR9) and plays essential roles in both 
immune response initiation and breaking pre-existing 
immune tolerance.16

Liposomes and liposome-derived nanovesicles, which 
elicit both antigen-specific cell-mediated and humoral 
immunity, are considered excellent vaccine delivery 
carriers/adjuvants.17 Owing to their self-enclosed struc-
tures, liposomes can entrap hydrophobic agents within the 
lipid bilayer and hydrophilic agents in their aqueous 
compartment.18 Further, they protected the loaded drug, 
avoiding both degradation and undesirable effects of expo-
sure to the environment on drug activity. Mannose-modified 
liposomes can not only co-deliver peptides and CpG ODN, 
but also specifically target mannose receptors on DCs, thus 
enhancing DC-mediated antitumor activity.19,20

In this study, to efficiently target and activate DCs, man-
nose-modified liposomes encapsulating HPV16 E7 peptide 
and CpG ODN were constructed and the therapeutic efficacy 
of this vaccine on large (volume over than 200 mm3) TC-1 
grafted tumors was evaluated. In vivo studies were per-
formed to investigate the mechanisms involved in the anti- 
tumor responses induced by the vaccine formulation. 
Scheme 1 provided a mechanism for the construction of 
peptide vaccine and the putative anti-tumor effects.

Materials and Methods
Materials
L-alpha-phosphatidyl choline (SPC), cholesterol (CHOL), 
1.2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[meth-
oxy (polyethylene glycol-2000)] (DSPE-PEG-2000), and 
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1.2-distearoyl-sn-glycero-3- phosphoethanolamine-N-[succi-
nimidyl (polyethylene glycol)-2000] (DSPE-PEG-NHS) 
were purchased from Shanghai Toshisun Biology & 
Technology Co. Ltd. (Shanghai, China). 1.2-dioleoyl-3-tri-
methylammonium-propane chloride salt (DOTAP) was pur-
chased from Shanghai Advanced Vehicle Technology 
Pharmaceutical Ltd. (Shanghai, China) and 4-Amino phenyl 
α-D-mannopyranoside was from Aladdin (Shanghai, China). 
Mannose-PEG-DSPE was synthesized using DSPE-PEG- 

NHS and 4-Amino phenyl α-D-mannopyranoside, as pre-
viously reported, and the structure confirmed using 1H-NMR.

HPV16 E7 43–77 (GQAEPDRAHYNIVTFCCKCDST 
LRLCVQSTHVDIR) and OVA 257–264 (SIINFEKL) 
peptides were synthesized by GL Biochem Ltd 
(Shanghai, China). Peptide purity was determined to be 
>95% by high-pressure liquid chromatography (HPLC) 
and peptide sequences were validated by mass spectro-
metry (MALDI-TOF). CpG ODN 1826 (5ʹ-TCCATG 

Scheme 1 Schematic description of the preparation and function of Lip E7/CpG. (A) Encapsulation of E7 peptide and CpG ODN adjuvant in Lip E7/CpG; (B) binding of 
mannose with mannose receptors on DCs surfaces; (C) after entry into DCs, Lip E7/CpG is delivered to the endosomes, enabling the activation and maturation of DCs, 
simultaneously, inducing CD4+ T cells and CD8+ T cells immune responses; (D) activated CD4+ T cells and CD8+ T cells migrated into the tumor microenvironment to kill 
tumor cells.

International Journal of Nanomedicine 2020:15                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
9573

Dovepress                                                                                                                                                            Zhao et al

http://www.dovepress.com
http://www.dovepress.com


ACGTTCCTGACGTT-3ʹ) was synthesized by Sangon 
Biotech Co. Ltd. (Shanghai, China).

FITC-conjugated anti-mouse CD4, PerCP-conjugated 
anti-mouse CD8a, FITC-conjugated anti-mouse Gr-1, 
Percp-conjugated anti-mouse CD11b, PE-conjugated anti- 
mouse F4/80, PE-conjugated anti-mouse IFN-γ, and PE- 
conjugated anti-mouse FoxP3 were purchased from 
Biolegend (San Diego, CA, USA). Ionomycin and 
Phorbol 12-myristate 13-acetate were from Sigma- 
Aldrich (Louis, MO, USA). Golgiplug was obtained from 
BD Biosciences (San Diego, CA, USA).

Cell Lines and Mice
The murine tumor cell line TC-1 (HPV-16 E6/E7 and 
c-Ha-Ras co-transformed mouse lung epithelial cells) 
was obtained from the Beijing Beina Chuanglian 
Biotechnology Institute (Beijing, China). TC-1 cells were 
cultured in Roswell Park Memorial Institute 1640 medium 
supplemented with 10% fetal calf serum, 2 mM G418, 100 
U/mL penicillin, and 100 μg/mL streptomycin at 37°C 
under 10% carbon dioxide.7

Female C57BL/6 mice (6–8 weeks old) were purchased 
from Liaoning Changsheng Biotechnology Co. Ltd (Benxi, 
China). Animal care and use were performed according to 
a protocol reviewed and approved by the Institutional 
Animal Care and Use Committee (IACUC) of China 
Medical University (IACUC Issue No. CMU2019293).

Preparation and Characterization of the 
Liposome-Based Vaccine
A liposome vaccine for co-delivery of E7 peptide and CpG 
ODN was prepared using the reverse-phase evaporation 
method. Briefly, SPC, CHOL, DOTAP, DSPE-PEG-2000, 
and DSPE-PEG-2000-mannose were dissolved in chloro-
form, and then PBS containing E7 peptide and CpG ODN 
was injected into the chloroform solution. The mixture 
was homogenized using a probe ultrasound in an ice bath 
to form a stable water-in-oil type emulsion. Subsequently, 
the chloroform was evaporated from the emulsion to form 
a colloid by rotary vacuum evaporation, and then PBS 
solution was added to hydrate for 15 min. The resulting 
mixture was then homogenized again by probe ultrasonic 
treatment to form well-proportioned liposomes. Finally, 
the liposomes were filtered using 0.45 and 0.22 μm 
Millipore membranes and purified by ultrafiltration 
(50,000 NMWL, Millipore) at 4000 g for 15 min to 
remove the unloaded E7 peptide and CpG ODN. The 

liposome vaccine was then re-suspended and collected. 
To evaluate the stability of the liposome-based vaccine, 
the liposomal particles were stored at 4°C for up to 7 days.

E7 peptide was measured using HPLC (Waters e2695 
and 2489, USA), and CpG ODN by agarose gel electro-
phoresis, respectively. Entrapment efficiency (EE) was 
calculated according to the formulas:

EE ¼
Amounts of drug in liposomes

Total amount of drug
� 100%

Morphology of the liposome-based vaccine was 
observed using transmission electron microscopy (TEM) 
(JEOL 100CX II, Japan). Particle size distributions and 
zeta potential were measured using a Laser Particle size 
analyzer in water (PSS NICOMP TM 380, USA).

Tumor Growth Inhibition
Female C57BL/6 mice were inoculated subcutaneously in 
their flanks with 5×105 TC-1 cells on day 0. On day 12, 
formulations (control, empty liposome, free E7/CpG, and 
lip E7/CpG) were subcutaneously injected into the con-
tralateral side from the tumor cell inoculation side. 
Thereafter, tumor size was measured using digital calipers 
every 2–3 days and tumor volume was calculated as: 
Tumor volume (mm3) = 0.5×length×width2. Body weight 
was also monitored.

Flow Cytometry Assay
On days 28, spleens and tumors were harvested. Single 
cell suspensions were prepared as described in our pre-
vious study.21 The dissociated cells were dispersed in PBS 
(1×106/mL) and stained for surface, intracellular and intra-
nuclear molecules. Analysis was performed on a FACS 
Calibur flow cytometer (Becton Dickinson, USA) using 
FlowJo X software (Treestar, Ashland, OR, USA).

Surface Molecule Staining
For analysis of surface molecules associated with CD4+ 
T cells, CD8+ T cells, regulatory T cells (Tregs), myeloid- 
derived suppressor cells (MDSCs), and macrophages, single 
cell suspensions from spleens and tumors were stained with 
the following fluorescein-conjugated antibodies: FITC- 
conjugated anti-mouse CD4, PerCP-conjugated anti-mouse 
CD8a, FITC-conjugated anti-mouse Gr-1, Percp-conjugated 
anti-mouse CD11b and PE-conjugated anti-mouse F4/80 (all 
the above antibodies were from Biolegend, San Diego, 
CA, USA).
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Intracellular Cytokine Staining
Splenocytes were incubated with peptide E7 (43–77) for 5 h, 
then with Golgiplug for 4 h. Single cell suspensions from 
tumors were incubated with the ionomycin (50 μg/mL, Sigma- 
Aldrich St. Louis, MO, USA) and phorbol 12-myristate 13- 
acetate (PMA, 1 μg/mL) (Sigma-Aldrich, St. Louis, MO, 
USA) for 5 h, then with Golgiplug (BD Biosciences, San 
Diego, CA, USA) for the final 4 h. Following stimulation, 
cells were stained with PE-conjugated anti-mouse IFN-γ 
(Biolegend, San Diego, CA, USA).

Intranuclear Transcription Factor Staining
For analysis of Tregs, intranuclear staining was conducted by 
adding PE-conjugated anti-mouse FoxP3 (Biolegend, San 
Diego, CA, USA), following fixation and membrane 
permeation.

Assessment of in vivo CTL Responses
In vivo CTL assays were performed according to 
a previously described protocol.22 In brief, splenocytes 
from naïve C57BL/6 mice were collected and loaded with 
either 10 μM E7 or Ova peptides in complete media at 37°C 
for 1 h. Then, the E7-pulsed and Ova-pulsed cells were 
labeled with 4 and 0.4 μM CFSE, respectively. Seven days 
after vaccination, an equal amount of CFSEhigh (E7-pulsed 
cells) and CFSElow (Ova-pulsed cells) were mixed and 
injected into the tail veins of treated mice. Eighteen hours 
later, splenocytes were collected and subjected to flow cyto-
metry analysis. The numbers of CFSEhigh and CFSElow were 
counted and the percentage of E7-specific in vivo lysis was 
calculated according to a published equation, as follows:

% specificlysis ¼
Ova� x � E7ð Þ

Ova� xð Þ
� 100%

where x ¼
E7

Ova
from naive mice 

Quantitative Real-Time PCR Assay
Total RNA was extracted from tumor tissue samples using 
Trizol reagent (Invitrogen, Carlsbad, CA, USA) and 0.5 μg 
of total RNA was used as template for first-strand cDNA 
synthesis using a Reverse Transcription System (Promega, 
Madison, WI, USA), according to the manufacturer’s proto-
cols: reaction conditions, 50°C for 15 min and 85°C for 5 
s. Amplification was conducted using SYBR qPCR Master 
Mix for RT-PCR (Vazyme, Nanjing, China), mouse-specific 
primers, and cDNA. RT-PCR conditions were as follows: 
95°C for 30 s, 95°C for 10 s, and 60°C for 30 s, for 40 
cycles. All mouse-specific primers (Shenggong, Shanghai, 
China) for RT-PCR were described in our previous study21 

and are listed in Table 1. β-actin was used as an endogenous 
control. Reactions were conducted using a 7500 Real-Time 
PCR System, and data was analyzed with 7500 Software.

Immunohistochemistry
Fresh tumor tissues were removed and immersed in 4% 
paraformaldehyde for 48h, then embedded in paraffin blocks. 
Sections were deparaffinization and rehydrated, then incu-
bated in 3% H2O2 at 37°C for 25 min. Slides were treated 
with citric acid buffer at 95°C for 10 min, and non-specific 
binding was blocked using goat serum at 37°C for 30 min, 
followed by incubation with primary antibodies against 
CD31, Ki67, and p53 at 4°C overnight, then biotinylated 
secondary antibody at 37°C for 30 min. Antibody complexes 
were detected by incubation with a streptavidin-biotin- 
horseradish peroxidase complex and color was developed 
using diaminobenzidine. Slides were counterstained with 
hematoxylin for 5 min,23 and preparations examined under 

Table 1 Primers for RT-PCR Reactions

Gene Forward (5ʹ-3ʹ) Reverse (5ʹ-3ʹ)

β-actin CATCCGTAAAGACCTCTATGCCAAC ATGGAGCCACCGATCCACA

IFN-γ ACTCMGTGGCATAGATGTGGMG GACGCTTATGTTGTTGCTGATGG
TNF-α CCAACATGCTGATTGATGACACC GAGAATGCCAATTTTGATTGCCA

TGF-β1 CTCCCACTCCCGTGGCTTCTAG GTTCCACATGTTGCTCCACACTGG

IL-2 AAGCTCTACAGCGGAAGCAC TCATCGAATTGGCACTCAAA
IL-4 TAGTTGTCATCCTGCTCTT GTCTTTCAGTGATGTGGAC

IL-12 CAATCACGCTACCTCCTCTTTT CAGCAGTGCAGGAATAATGTTTC

CCL-3 TGAGAGTCTTGGAGGCAGC ATGCAGGTGGCAGGAATG
CXCL-9 CTTGAGCCTAGTCGTGATAAC CCAGCTTGGTGAGGTCTATC

CXCL-10 TCCTTGTCCTCCCTAGCTCA ATAACCCCTTGGGAAGATGG
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a light microscope (Nikon 80i, Japan). Ten randomly selected 
microscopic fields were used for quantitative analysis.

Hematoxylin-Eosin Staining
Tumor-bearing mice were treated and sacrificed at the desig-
nated time points. The major organs were quickly harvested 
and immersed in paraformaldehyde for 48 h. Fixed tissues 
were embedded in paraffin and 5 μm histological sections 
were prepared. Sections were stained with hematoxylin and 
eosin (HE) and then subjected to microscopic examination 
and photography.22 The morphological features of the tissue 
were observed to analyze tissue injury.

Statistical Analysis
Calculations were performed using GraphPad Prism ver-
sion 5.0. Data are described as means ± standard deviation 
(SD). Statistical significance was analyzed by one-way 
analysis of variance (ANOVA), followed by Tukey’s mul-
tiple comparisons test. Differences were considered statis-
tically significant if the p value was <0.05.

Results
Characterization of the Liposome-Based 
Vaccine
Observation by TEM after negative staining showed that Lip 
E7/CpG had a spherical structure with diameter ranging 
from 60–120 nm (Figure 1A). Similarly, measurement by 
dynamic light scattering indicated a mean ± SD diameter of 
122.21 ± 8.37 nm (Figure 1B). Particle size, polydispersity 
index (PDI), zeta potential, and EE of Lip E7/CpG are listed 
in Table 2. Lip E7/CpG exhibited good stability within 

7 days after storage at 4°C ± 2°C; specifically, particle size 
and EE showed little change within 7 days, indicating that 
they were consistent throughout the experiments.

Inhibition of Tumor Growth by 
Therapeutic Vaccine
All tested formulations were injected subcutaneously 
on day 12, mean tumor size was >200 mm3. Equal 
amounts of E7 peptide (50 μg) and CpG ODN (20 μg) 
were applied. As shown in Figure 2, neither empty lipo-
some (designated “Empty Lip”) nor free E7 combined 
with CpG ODN (designated “Free E7/CpG”) had any 
therapeutic effect on large TC-1 grafted tumors, while 
DCs-targeting liposomes loaded with HPV16 E7 peptide 
and CpG ODN (designated “Lip E7/CpG”) achieved 80% 
and 78% tumor growth inhibition on day 28, relative to the 
Control and Free E7/CpG groups, respectively. There was 
no decrease in body weight in any group.

Lip E7/CpG Enhanced Systemic and Local 
Immune Responses
We determined the percentages of CD4+ T cells, CD8+ 
T cells and IFN-γ-producing cells in spleens and tumors. 
The percentage of CD4+ T cells, CD8+ T cells and IFN-γ- 
producing cells were significantly increased in the Lip E7/ 
CPG group compared with the control, Empty Lip and 
Free E7/CPG groups (Figures 3 and 5).

To evaluate the systemic and tumor microenvironment 
(TME) immunosuppressive responses induced by the vac-
cine, we determined the percentages of Tregs, MDSCs and 
macrophages in the spleens and tumors. Splenocytes of 

Figure 1 Physicochemical characterization of liposomes containing E7 peptide and CPG ODN adjuvant. (A) TEM images of liposomes after negative staining. (B) DLS size 
distribution of liposomes.
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mice immunized with Lip E7/CpG and Free E7/CpG 
showed significantly increased percentages of Tregs 
(Figure 4A), while there were significant reductions in 
the percentages of MDSCs and macrophages, compared 
with control group (Figure 4B and C). Representative dot 
plots from one mouse (out of three) are presented in Figure 
4D–F. In the TME, there were no significant changes in 
Tregs (Figure 6A), while the reduction in MDSCs and 
macrophages were the same as those observed in the 
spleen (Figure 6B and C); representative dot plots from 
one mouse (out of three) are presented in Figure 6D–F.

Lip E7/CpG Enhanced in vivo CTL 
Responses
An assay for antigen-specific CTL responses provided 
additional information on the function of the vaccine for-
mulation. Mice treated with empty liposome did not exhi-
bit any noticeable E7-specific CTL responses. In contrast, 
those immunized with Free E7/CpG and Lip E7/CpG 
efficiently eliminated approximately 55% and 60% of E7- 
pulsed target cells, respectively (Figure 7). These data 

suggest that both Free E7/CpG and Lip E7/CpG vaccine 
elicited potent E7-specific CTL responses in vivo.

Lip E7/CpG Altered the Profiles of 
Cytokines and Chemokines in the TME
Cytokines and chemokines comprise a complex network 
of regulating immune cell function and trafficking. To 
further understand the mechanisms underlying the promo-
tion of immune responses mediated by Lip E7/CpG, we 
investigated cytokine and chemokine expression profiles in 
the TME, following treatment. The mRNA levels of IL-12, 
INF-γ, TNF-α, and IL-2 were significantly increased, 
while those of IL-4 and TGF-β were significantly 
decreased. Increases in chemokine mRNA levels, includ-
ing CCL-3, CXCL-9 and CXCL-10 were also detected 
(Figure 8).

Lip E7/CpG Significantly Inhibited Tumor 
Angiogenesis and Proliferation in the TME
Tumor angiogenesis and tumor cell proliferation in 
response to Lip E7/CpG therapy were also examined. 

Table 2 Particle Size, PDI, Zeta Potential and EE of Lip E7/CpG After Storage at 4°C ± 2°C (n=3)

Time (d) Particle Size 
(nm, ± SD)

PDI 
(± SD)

Zeta Potential (mV, ± SD) EE of E7 Peptide 
(%, ± SD)

EE of CpG ODN 
(%, ± SD)

0 122.21±8.37 0.17±0.03 +15.3±0.6 55.68±2.31 42.89±4.37

1 124.54±7.61 0.17±0.04 +14.8±0.5 56.42±3.39 41.94±4.95

7 134.12±10.82 0.25±0.06 +14.3±0.8 53.45±4.67 40.73±6.37

Abbreviations: PDI, polydispersity index; EE, entrapment efficiency; SD, standard deviation.

Figure 2 Antitumor activity of vaccine formulation and body weight observed in TC-1 engrafted tumors-bearing mice. C57BL/6 mice were inoculated with 5×105 TC-1 cells 
on day 0 (n=6). Vaccination was performed on day 12. Tumor growth (A) and body weight (B) were measured every 2–3 days for 16 days. Mice were sacrificed on day 28 
and tumors were harvested for further study. Data are presented as mean ± SD Statistical analyses are indicated (**p < 0.01). Results are from a single experiment in which 
all targets were tested and they are representative of two to three experiments per tested target.
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Immunohistochemical staining for CD31 (a vascular endothe-
lial marker), Ki67 (a proliferation marker), and mutant p53 
showed that angiogenesis was significantly reduced, while 
levels of Ki67 and mutant p53 were significantly lower in 
tumor tissues from mice treated with Lip E7/CpG (Figure 9).

Safety Evaluation of the Lip E7/CpG
No decrease in body weight was observed in any of the 
groups, indicating no apparent toxicity associated with the 
treatments (Figure 2B). All mice were dissected and tissue 
specimens, including heart, liver, spleen, lung and kidney 

Figure 3 Immune responses induced by the vaccine in spleen. Immunized mice (n=3) were sacrificed on day 28. The frequency of CD4+ cells (A), CD8+ cells (B) and IFN-γ 
producing cells (C) are shown. Representative dot plots from one mouse (out of three mice) for CD4+ cells (D), and CD8+ cells (E) and IFN-γ producing cells (F) are 
shown respectively. Data are presented as mean ± SD. Statistically significant differences are indicated as follow: *P < 0.05, **P < 0.01, ***P < 0.001.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2020:15 9578

Zhao et al                                                                                                                                                             Dovepress

http://www.dovepress.com
http://www.dovepress.com


were harvested. HE staining showed no significant 
changes in morphology of any major organs in the Lip 
E7/CpG group (Figure 10).

Discussion
Our previous studies demonstrated that HPV16 E7 
43–77 peptide combined with CpG ODN can induce 

Figure 4 Alteration of systemic immunosuppressive cells induced by the vaccine. Immunized mice (n=3) were sacrificed on day 28. The frequency of Tregs (CD4+FoxP3+) 
(A), MDSCs (CD11b+Gr-1+) (B) and macrophages (CD11b+F4/80+) (C) are shown. Representative dot plots from one mouse (out of three) for CD4+FoxP3+ cells (D), 
CD11b+Gr-1+ cells (E), and CD11b+F4/80+ cells (F). Data are presented as mean ± SD. Statistically significant differences are indicated as follow: *P < 0.05, **P < 0.01, ***P 
< 0.001.
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IFN-γ-producing CD8+ and CD4+ T cells, which con-
tribute to the eradication of small TC-1 grafted tumors 
in mice.7 Nevertheless, several challenges remain to use 
this treatment approach for large tumors. These chal-
lenges could be a reflection of poor platforms that fail to 

elicit optimal DC phagocytosis, antigen processing, or 
presentation by DCs, or of suboptimal adjuvants. 
Furthermore, free peptides are likely to be rapidly 
cleared before they reach the DCs. There may also be 
a risk of inducing specific tolerance after systemic 

Figure 5 Immune responses induced by the vaccine in the tumors. Immunized mice (n = 3) were sacrificed on day 28. The frequency of CD4+ cells (A), CD8+ cells (B), and 
IFN-γ-producing cells (C) are presented. Representative dot plots from one mouse (out of three) for CD4+ cells (D), and CD8+ cells (E), and IFN-γ-producing cells (F) are 
shown. Data are presented as mean ± SD. Statistically significant differences are indicated as follow: *P < 0.05, **P < 0.01, ***P < 0.001.
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delivery of high doses of peptides, particularly in the 
absence of an appropriate DC activator. Hence, efficient 
DC-targeting is needed to overcome these drawbacks.

Mannose-modified vectors can specifically target and 
activate DC-mediated antitumor activities through man-
nose receptors.20,24,25 Cationic liposomes have shown 

great potential as effective vaccine delivery systems.26–28 

Based on the rationale that mannose acts synergistically 
with lipid as previously reported,22 we developed 
a vaccination strategy by assembling DC-targeting man-
nose on the surface of cationic liposomes which were 
loaded with HPV16 E7 peptide and CpG ODN. Our results 

Figure 6 Alterations in immunosuppressive cell levels induced by the vaccine in the tumors. Immunized mice (n = 3) were sacrificed on day 28. The frequency of Tregs (CD4 
+FoxP3+) (A), MDSCs (CD11b+Gr-1+) (B), and macrophages (CD11b+F4/80+) (C) are shown. Representative dot plots from one mouse (out of three) for CD4+FoxP3+ 
cells (D), CD11b+Gr-1+ cells (E), and CD11b+F4/80+ cells (F) are shown. Data are presented as mean ± SD. Statistically significant differences are indicated as follow: *P < 
0.05, **P < 0.01, ***P < 0.001.
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demonstrate that this Lip E7/CpG vaccine can significantly 
inhibit growth of large TC-1 grafted tumors in a mouse 
model.

The effector mechanism of tumor vaccines is to elicit 
tumor antigen-specific cellular and humoral immune 
responses, and a balance between these is essential to achieve 
and maintain immune homeostasis.29 Cellular immunity is 
important for clearing tumor cells, with CTLs specifically 
regarded as major anti-tumor effectors. CD4+ T cells assist in 
priming the generation, expansion and maintenance of CTLs, 
as well as in orchestrating antibody production. Moreover, 
there is evidence that CD4+ T cells contribute to anti-tumor 
immunity.30,31 DCs take up and process antigens and present 
the antigen peptide to CD8+ T cells in the context of an MHC 
I–peptide complex. Further, they also present antigen peptide 
complexes to CD4+ T cells (Helper T cells, Th) via the 
classical antigen presentation pathway, in the form of MHC 
II–peptide complexes.32,33

Therapeutic studies showed that Lip E7/CpG can inhi-
bit tumor growth (Figure 2), and we also investigated 

whether it enhances intake processing and presentation of 
antigens to activate CD4+ and CD8+ T cells. Lip E7/CpG 
effectively increased the number of CD4+ T cells, CD8+ 
T cells and IFN-γ-producing cells, thus inducing an effec-
tive cellular immune response. Meanwhile, it significantly 
reduced the number of MDSCs and macrophages. Further, 
numbers of inhibitory Tregs were increased in the vaccine 
group, consistent with previous reports.34,35 Collectively, 
our results indicate that this liposomal vaccine has poten-
tial for use in treatment of advanced cervical cancer in the 
clinic.

Additionally, to further explore the mechanisms under-
lying the reversion of the immunosuppressive TME 
mediated by Lip E7/CpG, we investigated cytokine and 
chemokine expression profiles in the TME in response to 
treatment. Cytokines are important protein mediators of 
immune responses, and the cytokine content of the TME 
can influence the balance of immunosuppressive and 
immunosupportive factors.36 IL-12 is a potent inducer of 
Th1 responses, and we detected increased levels of IL-12 

Figure 7 In vivo CTL responses following vaccination.C57BL/6mice were subcutaneously injected with free and liposome containing E7 peptide and CpG ODN on day 0; 
splenocytes from naïve mice were pulsed with Ova or E7 peptide and stained with low (Ova) or high(E7) concentrations of CFSE, respectively. Cells were then mixed and 
injected into the vaccinated mice (n = 3). After 18 h, splenocytes from the vaccinated mice were analyzed by flow cytometry and the degree of lysis calculated according to 
a published equation. E7-specific lysis (A) and representative graphs for each group (B). Statistically significant differences are indicated as follow: ***P < 0.001.
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as well as IL-2, INF-γ and TNF-α, in the Lip E7/CpG 
group (Figure 8) demonstrating the potential of Lip E7/ 
CpG to induce polarization of the immune response 
toward a Th1 immune response, which is more effective 
in eliciting anti-tumor immunity. TGF-β is associated with 
the induction of immunosuppression by MDSCs, Tregs 
and M2-tumor-associated macrophages.37–39 Decreased 
TGF-β in response to Lip E7/CpG may result from 
a decreased number in the cells that produce this factor, 

leading to a reduced inhibitory effect on a variety of 
immune cells. Moreover, CCL3 plays a critical role in 
recruiting cells with distinct immune phenotypes to intra-
tumoral sites and regulating lymph node homing of DC 
subsets.40 Overexpression of CXCL-9 and CXCL-10 has 
been a major focus of research, since it regulates differ-
entiation of naïve T cells to a T helper 1 (Th1) phenotype, 
and regulates migration of immune cells to their focal 
sites.41 Higher levels of CCL3, CXCL-9, and CXCL-10 

Figure 8 Local tumoral cytokine and chemokine levels after vaccination. C57BL/6 mice were inoculated with 5 × 105 TC-1 cells on day 0. The vaccine was given on day 12. 
Mice were sacrificed on day 28, and tumors were collected for Th1 type cytokine (A), Th2 type cytokine (B), and chemokine (C) detection using RT-PCR. Results are 
displayed as mean ± SD. Statistically significant differences are indicated as follow: *P < 0.05, **P < 0.01, ***P < 0.001.
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in response to Lip E7/CpG (Figure 8) favor an anti-tumor 
immune response in the TME. Such immune modulation, 
although insufficient to inhibit tumor growth alone, will 
greatly facilitate the activity of Lip E7/CpG.

We also examined tumor angiogenesis, tumor cell prolif-
eration, and p53 in response to Lip E7/CpG therapy. Lip E7/ 
CpG significantly reduced vessel concentration, consistent 
with a previous report showing that immunotherapies can 

Figure 9 Effects of the Lip E7/CpG on angiogenesis, cell proliferation and malignancy identified by immunohistochemical staining of tumor tissue sections from mice using 
anti-CD31 antibody (400×), anti-Ki67 antibody (400×), and anti-p53 antibody (400×) (A). Red arrows indicate positive cells. Quantitative analysis (B). Data are presented as 
the means ± SD for each group of tumors. Statistically significant differences are indicated as follow: *P < 0.05, **P < 0.01, ***P < 0.001.

Figure 10 The toxicity of the vaccine was evaluated in organs from vaccinated mice by HE staining. C57BL/6 mice were inoculated with 5 × 105 TC-1 cells on day 0. The 
vaccine was administered on day 12. Mice were sacrificed on day 28, and major organs were collected. Representative histologic sections illustrating the health of the heart, 
liver, spleen, lung, and kidney. Lip E7/CPG was well tolerated and did not result in any significant damage to the major organs of the mice.
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reduce tumor vasculature through release of IFN I and II in the 
TME.9 Staining for the proliferation marker, Ki67, and p53 
were significantly reduced in the Lip E7/CpG treatment group, 
consistent with the previously reported therapeutic HPV vac-
cine research.42,43

This study demonstrated that Lip E7/CpG can efficiently 
enhance anti-tumor effects in mice grafted with large TC-1 
tumors. Nonetheless, the relatively short follow-up of tumor 
growth after vaccination is a limitation of this study. In 
future research, we will prolong the follow-up period and 
investigate the long-term protective effects, as well as the 
immune memory, induced by the vaccination. Moreover, we 
will establish an orthotopic vaginal/cervix tumor model, as 
a surrogate for cervical cancer, to further evaluate the tumor 
inhibition effects of the Lip E7/CpG vaccine in vivo.

Conclusion
In summary, Lip E7/CpG efficiently enhanced anti-large 
TC-1 grafted tumor effects in mice by improving cellular 
immune responses and alleviating immune suppression. 
Although the treatment efficacy of the liposomal vaccine 
was somewhat limited, it significantly inhibited tumor cell 
proliferation, thus reducing tumor growth, which suggests 
mannose-modified liposomes are a promising vaccine 
delivery strategy for cancer immunotherapy.
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