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Abstract
Therapeutic human papillomavirus (HPV) DNA vaccine is an attractive option to control existed HPV infection 
and related lesions. The two early viral oncoproteins, E6 and E7, are continuously expressed in most HPV-related 
pre- and cancerous cells, and are ideal targets for therapeutic vaccines. We have previously developed an HPV 
16 DNA vaccine encoding a modified E7/HSP70 (mE7/HSP70) fusion protein, which demonstrated significant 
antitumor effects in murine models. In this study, we employed multifaceted approach to enhance the potency 
of the HPV16 DNA vaccine. Strategies including inserting CpG oligodeoxynucleotide (CpG ODNs) into the vaccine 
vector backbone, selecting cytokine gene adjuvants, combining plasmids encoding mE6/HSP70 and mE7/HSP70, 
and utilizing electroporation for vaccination. Our findings revealed that mice immunized with CpG-modified 
vaccines, coupled with an IL-28B gene adjuvant exhibited heightened antigen-specific CD8+ T cell responses. 
Additionally, the combination of mE6/HSP70 and mE7/HSP70 plasmids synergistically enhanced the specific CD8+ 
T cell response. Furthermore, vaccination with CpG-modified mE7/HSP70 and mE6/HSP70 plasmids, alongside 
the Interleukin-28B (IL-28B) gene adjuvant, generated substantial preventive and therapeutic antitumor effects 
against HPV E6- and E7-expressing tumors in C57BL/6 mice. These results suggested that integrating these multiple 
strategies into an HPV DNA vaccine holds promise for effectively controlling HPV infection and related diseases.
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Introduction
Carcinogenic human papillomaviruses (HPVs) are asso-
ciated with anogenital and oropharyngeal malignancies 
[1]. Among these, HPV16 is the predominant type caus-
ing invasive cervical cancer globally. Although the advent 
of prophylactic HPV vaccines, such as Gardasil and Cer-
varix, have proven effective in preventing HPV infections, 
they offer no remedy for pre-existing HPV infections 
and associated lesions [2]. Presently, the management of 
high-grade precancerous conditions and early-stage can-
cers associated with HPV relies heavily on surgical inter-
vention, which is fraught with complications. In cases of 
advanced cancers, conventional treatments like surgery, 
radiotherapy, and chemotherapy yield disappointing 
results [3]. Consequently, the development of therapeutic 
HPV vaccines emerge as a promising strategy to curtail 
the progression of cervical and related diseases.

The viral oncoproteins HPV E6 and E7 are constitu-
tively expressed in HPV-infected, pre-malignant and 
malignant cells, and are ideal tumor specific antigens [4]. 
Recently several HPV therapeutic DNA vaccines target-
ing E6 and E7 delivered by electroporation could induce 
complete regression of high-grade cervical lesions and 
viral clearance in cervical intraepithelial neoplasia 2 and 
3 (CIN2/3) patients [5–7]. These clinical trials indicated 
that the magnitude of systemic polyfunctional CD8+ T 
cell response is the main contributing factor for histo-
pathological regression and cleared HPV infection [5, 
7]. However, although the HPV E6/E7 DNA vaccines 
have shown positive therapeutic effects in clinical trials 
for precancerous lesions, its clinical efficacy in cancer 
patients is still not significant. For example, one study 
of HPV DNA vaccine VGX-3100 with IL-12 adjuvant 
was conducted in HPV-associated head and neck cancer 
which also induced antigen-specific CD8+ T cell response 
and increased CD8+ T cell infiltration in tumors, but the 
clinical regression of tumors was not shown [8]. Another 
clinical trial of GX-188E therapeutic DNA vaccine plus 
pembrolizumab was conducted in patients with recur-
rent or advanced cervical cancer showed preliminary 
antitumor activity, while only 4 of 26 patients (15%) 
had a complete response [9]. These findings highlight 
the imperative need to enhance the potency of CD8+ T 
cell immune responses induced by DNA vaccines, a key 
focus in the ongoing quest for effective HPV therapeutic 
vaccines.

In our previous studies, we discovered that a HPV DNA 
vaccine encoding a fusion of modified E7 and a human 
heat shock protein 70 (mE7/HSP70) successfully elicited 
E7-specific CD8+ T cell responses [10]. Building upon 
this foundation, we embarked on a multifaceted strat-
egy to amplify the potency of the CD8+ T cell response 
generated by the HPV16 DNA vaccine. Specifically, we 
constructed plasmids expressing mE7/HSP70 and mE6/

HSP70, integrated CpG ODN motifs into the plasmid 
backbone to enhance immunogenicity, selected cytokine 
genes as adjuvants, and administered the vaccines via 
electroporation in mice. Subsequent evaluations focused 
on assessing the magnitude of antigen-specific cytotoxic 
T cell responses and the anti-tumor effect in vivo, aiming 
to determine if this comprehensive strategy could indeed 
potentiate the effectiveness of HPV DNA vaccine.

Materials and methods
CpG-modified DNA plasmids construction
The optimized CpG ODN sequence (5’- T C G T C G T T T 
T G T C G T T T T G T C G T T-3’) was synthesized by San-
gon Biotech (Shanghai, China). To investigate the “built-
in”  adjuvant activity of CpG motifs within the DNA 
plasmid pVAX1EI backbone, a construct featuring 20 
tandem repeats of the CpG sequence was synthesized 
and inserted into the pVAX1EI vector via the PmaC I 
restriction site. This manipulation, carried out by San-
gon Biotech, resulted in the CpG-modified immunization 
vector pmVAX1EI.

The mE7/HSP70 fusion antigen gene was previously 
engineered by our group, distinguished by its enhanced 
T-cell epitope presentation and the elimination of trans-
forming activity. This advanced antigen was derived 
from the wild-type E7 gene through a meticulous pro-
cess involving gene shuffling, site-directed mutagenesis 
and codon optimization [10, 11]. To prepare for further 
experimentation, the mE7/HSP70 fusion gene was ampli-
fied by polymerase chain reaction (PCR) using pVR1012-
mE7 /HSP70 (conserved by our group) as the template. 
The PCR amplification was carried out with the following 
primers: forward 5’- C G G G A T C C G C C A C C A T G G A T C T 
G C T C A T-3’ and reverse 5’- C C G C T C G A C T A A T C T A C 
C T C C T C A A T G G T G G G-3’. Following successful ampli-
fication, the PCR product was cloned into BamH I/Xho 
I restriction enzyme-digested vectors pmVAX1EI and 
pVAX1EI, thereby generating the recombinant plasmids: 
pmVAX1EI-mE7/HSP70 and pVAX1EI-mE7/HSP70.

The wild-type E6 protein was strategically dissected at 
amino acid position 70 to disrupt sequences essential for 
transformation. Subsequently, two segments of HLA-I 
epitopes, specifically E6aa29-38 [12, 13] and E6aa49-67 
[12] were integrated into these cleaved regions. The arti-
ficial gene was then codon-optimized for the human sys-
tem and synthesized by Sangon Biotech, designated as 
mE6. A key feature of the mE6 design was its augmented 
presentation of T-cell epitopes, coupled with the abroga-
tion of its transforming capabilities. To create the mE6/
HSP70 fusion gene, the mE7 component within our 
established plasmid pVR1012-mE7/HSP70 was substi-
tuted with mE6, this novel fusion gene was then cloned 
into the BamH I/Xho I-digested vectors pmVA1XEI 
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and pVAX1EI, yielding the recombinant constructs 
pmVAX1EI-mE6/HSP70 and pVAX1EI-mE6/HSP70.

The human IL-28B and IL-15 genes were subjected 
to codon optimization and synthesized by Sangon Bio-
tech, these optimized genes were subsequently ligated 
into BamH I/Xba I restriction sites of both pmVAX1EI 
and pVAX1EI vectors. This process yielded for recom-
binant plasmids: pmVAX1EI-IL-28B, pmVAX1EI-IL-15, 
pVAX1EI-IL-28B and pVAX1EI-IL-15.

All DNA constructs were validated through restriction 
enzyme digestion and subsequent DNA sequencing.

SDS-PAGE and western blotting
293T cells were respectively transfected with pmVAX1EI, 
pVAX1EI, pmVAX1EI-mE6/HSP70, pmVAX1EI-mE7/
HSP70, pmVAX1EI-IL28B, pmVAX1EI-IL15, pVAX1EI-
mE6/HSP70, pVAX1EI-mE7/HSP70, pVAX1EI-IL28B, 
or pVAX1EI-IL15 plasmids. 48  h post transfection, cell 
lysates were prepared. 50  µg of protein samples were 
mixed with the loading buffer containing 2% SDS and 
5% β-mercaptoethanol, then denatured at 95  °C for 
8  min. These denatured proteins were loaded onto 10% 
SDS-PAGE gels for separating and subsequently trans-
ferred onto polyvinylidene difluoride membranes (PALL 
Life Sciences). The membranes were blocked with 0.05% 
Tween-80/PBS containing 5% non-fat milk at room tem-
perature for 1–2  h and incubated with anti-HPV16 E6 
polyclonal antibody (1:3000), anti-HPV16 E7 polyclonal 
antibody (1:3000), anti-IL-28B polyclonal antibody 
(1:1000, Abcam, Cat#ab181411), or anti-IL15 polyclonal 
antibody (1:1000, Abcam, Cat#ab109082) at 4  °C over-
night. Finally, horseradish peroxidase-conjugated sec-
ondary antibody (1:5000, CWBio, Cat#CW0102S) was 
added and incubated at room temperature for 1–2 h. The 
protein bands were visualized using chemiluminescence 
with the EasySee Western Bolt Kit (TransGen Biotech, 
Cat#DW101-02). The anti-HPV16 E6 polyclonal anti-
body and anti-HPV16 E7 polyclonal antibody were pre-
pared in our laboratory.

Animals
Six- to eight-week-old female C57BL/6 mice were pur-
chased from SPF (Beijing) Biotechnology Co.,Ltd. 
(License No. SCXK 2019-0004, Beijing, China). All ani-
mals were housed under pathogen-free conditions at 
the animal facility of the Institute of Basic Medical Sci-
ences (IBMS), CAMS. All experimental procedures 
adhered strictly to the guidelines set forth by the Insti-
tutional Animal Care and Use Committee (IACUC) of 
IBMS, CAMS, with all protocols having been thoroughly 
reviewed and approved by IACUC (Approval Number: 
HBNU20231222116). At the end of study, all mice were 
humanely sacrificed by CO2 euthanasia.

Immunization of mice
DNA plasmids intended for injection were prepared 
using Plasmid Maxprep Kits from Vigorous Biotechnol-
ogy (Beijing China, Cat#N001), resuspended in endo-
toxin-free TE buffer at a final concentration of 1  µg/µl. 
The plasmids were stored at -20˚C until they were used 
for injection. The quadriceps muscles of C57BL/6 mice 
were injected 2 times, 10 days apart followed by electro-
poration using ECM830 electroporation system (BTX, 
America). Each plasmid was used as 15 µg in 15 µl buffer. 
To consider the effect of DNA dose in the experiment, 
the empty vector was used to supplement the inoculation 
component in each immunization group, thus the total 
plasmid dose was consistent in each group. For example, 
when comparing mE7/HSP70 and mE7/HSP70 + IL-
28B, the mE7/HSP70 group were immunized with 15 µg 
pVAX1EI-mE7/HSP70 plasmid and 15  µg pVAX1EI 
empty plasmid, while the mE7/HSP70 + IL-28B group 
were immunized with 15 µg pVAX1EI-mE7/HSP70 plas-
mid and 15 µg pVAX1EI-IL-28B plasmid.

Splenocyte purification
Mice were sacrificed 1 week after the final immunization. 
The spleens were isolated and placed onto a 200-mesh 
screen, then gently ground with a tissue grinding rod 
until no visible red lumps. The screen was rinsed with 
15 mL of DMEM, the rinsing solution was collected in a 
15 mL centrifuge tube. Following this, it was centrifuged 
at 1200 rpm for 5 min, after which the supernatant was 
discarded. The resuspended cells were treated with ACK 
lysing buffer (Solarbio, Cat#R1010) for 5–10 min, washed 
twice in IMDM, resuspended in IMDM medium contain-
ing 10% fetal bovine serum, and counted using a hemocy-
tometer for subsequent ELISPOT assays.

IFN-γ ELISPOT
Interferon-γ (IFN-γ) enzyme-linked immunosorbent 
spot (ELISPOT) assay was employed to assess the HPV16 
E6 and E7 specific CD8+ T cell response using peptides 
that correspond to immunodominant epitopes for CD8+ 
T cells. This approach ensured that the assay readouts 
were specifically aligned to focus solely on CD8+ T cell 
responses. The ELISPOTs were conducted in accor-
dance with the manufacturer’s protocols (BD biosciences, 
Cat#551083), using 96-well plates. Briefly, each well was 
coated with 5  µg/ml rat anti-mouse IFN-γ antibody in 
100  µl of phosphate-buffered saline (PBS) overnight at 
4˚C. Subsequently, the wells were washed and blocked 
with IMDM culture medium containing 10% fetal 
bovine serum for 2 h at room temperature. Splenocytes 
from each vaccinated mouse were then added to the 
wells along with 50 IU/ml of IL-2, 10  µg/ml of E7-spe-
cific Major Histocompatibility Complex (MHC) class I 
immunodominant epitope (H-2Db, amino acids 49–57, 
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RAHYNIVTF [14]) and/or 10  µg/ml E6-specific MHC 
class I immunodominant epitope (H-2Db, amino acids 
50–57, YDFAFRDL [15]) for 40  h at 37˚C as part of a 
cultured ELISPOT. Following incubation, the wells were 
washed and incubated with 2.5 µg/ml biotinylated IFN-γ 
antibody in 100 µl PBS for 2 h at room temperature. For 
detection, HRP-streptavidin and AEC substrate were 
used. The spots were counted using the ImmunoSpot 
Analyzer (CTL Corporation, USA, Model: Immun spot 
4.0).

Real time PCR
Real time PCR was employed to assess the expression 
of granzyme B in spleen cells from immunized mice. In 
Brief, total RNA was extracted from splenocytes that 
were restimulated with E7-(H-2Db, amino acids 49–57, 
RAHYNIVTF) and E6-specific MHC class I cytotoxic T 
Lymphocyte (CTL) epitope (H-2Db, amino acids 50–57, 
YDFAFRDL) for 20 hours at 37˚C. 1 µg RNA was reverse 
transcribed into cDNA using SuperRT cDNA Synthesis 
Kit  (Beijing Comwin Biotech Co., Ltd, Cat#CW0741M). 
The resulting cDNA was quantified utilizing the Ultra-
SYBR Mixture(Low ROX)(Beijing Comwin Biotech Co., 
Ltd, Cat#CW2601M), employing granzyme B sense 
primer 5’- C C T C C A G G A C A A A G G C A G-3’ and anti-
sense primer 5’- C A G T C A G C A C A A A G T C C T C T C-3’. 
GAPDH served as reference gene, its sense primer is 
5’- G C A C A G T C A A G G C C G A G A A T-3’, while its anti-
sense primer is 5’- G C C T T C T C C A T G G T G G T G A A-3’. 
The quantitative real-time PCR was conducted under 
the following conditions: initial denaturation at 95˚C for 
15 min followed by 40 cycles of denaturation at 95˚C for 
15 s and annealing/extension at 60˚C for 1 min. The data 
were normalized relative to GAPDH using the following 

formula: relative mRNA expression = 2-△△Ct, Ct repre-
sents the cycle threshold.

In vivo tumor protection experiments
C57BL/6 mice (six per group) were vaccinated via intra-
muscular injection by electroporation with 15  µg of 
plasmid, delivered twice at an interval of 10 days using 
electroporation, as previously described. One week fol-
lowing the last vaccination, each mouse was subcutane-
ously challenged with 7.5 × 104 TC-1 cells on the right 
flank. Tumor growth was monitored biweekly using digi-
tal calipers. The tumor volume was calculated using the 
formula: volume=(length ×width2)/2. Additionally, the 
percentage of tumor-free mice was also recorded.

In vivo tumor treatment experiments
Each mouse was subcutaneously challenged with 7.5 × 104 
TC-1 cells on the right flank. 3 days following this chal-
lenge, mice were immunized with the plasmids as previ-
ously described (six per group). Then the tumor growth 
was subsequently monitored according to the method of 
“in vivo tumor protection experiments”.

Statistical analysis
Statistical analysis was conducted using SPSS 13.0 soft-
ware. The differences between immunization groups 
were assessed via ANOVA. Comparisons with a P value 
less than 0.05 were considered statistically significant.

Results
Generation of a plasmid vector containing optimized CpG 
ODNs
CpG oligodeoxynucleotides (CpG ODNs) serve as ago-
nists of TLR9 and enhance adaptive immune response 
by stimulating human B cells and plasmacytoid dendritic 
cells [16]. Numerous studies have demonstrated that 
CpG elements can improve vaccine immunogenicity for 
the prevention and treatment of cancers, allergies, and 
infectious diseases [17]. The number and type of unmeth-
ylated CpG motifs within a plasmid backbone are crucial 
for optimizing immune responses [18]. In our study, we 
selected CpG motifs that exhibited strong stimulatory 
activity on immune cells [17]. We then inserted 20 tan-
dem copies of these motifs into the backbone of pVAX1EI 
to create the CpG-modified vector pmVAX1EI (Fig.  1). 
The following recombinant plasmids were successfully 
constructed: pmVAX1EI-mE7/HSP70, pVAX1EI-mE7/
HSP70, pmVAX1EI-mE6/HSP70, pVAX1EI-mE6/HSP70, 
pmVAX1EI-IL-28B, pmVAX1EI-IL-15, pVAX1EI-IL-28B, 
and pVAX1EI-IL-15. Partial schematic maps of these 
plasmids are available in the supplementary materials. 
To verify whether these constructs expressed the corre-
sponding proteins, we tested them in vitro via transfec-
tion of 293T cells with 5  µg of each plasmid. The cells 

Fig. 1 Map for CpG-modified vector. The optimized CpG ODN sequence 
(5’- T C G T C G T T T T G T C G T T T T G T C G T T-3’) was synthesized by Sangon 
(Shanghai, China). 20 tandem copies of this sequence were inserted into 
the backbone of pVAX1EI via the PamC I restriction site, resulting in the 
CpG-modified immunization vector pmVAX1EI
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were subsequently lysed, and the lysates were used for 
Western blots to assess protein expression. The blots for 
mE6/HSP70, mE7/HSP70, IL-28B, and IL-15 demon-
strated that all constructs were well expressed in vitro 
(Fig. 2).

IL-28B gene adjuvant could significantly enhance the CD8+ 
T cell response induced by mE7/HSP70
Our previous research has confirmed that the mE7/
HSP70 DNA vaccine can effectively induce cellular 
immune responses [10]. In this study, we explored the 
potential of IL-28B and IL-15 plasmids as adjuvants 
for HPV DNA vaccines, aiming to enhance the cellular 
immune response triggered by the mE7/HSP70 DNA 
vaccine. Female C57BL/6 mice were randomly divided 
into 6 groups of 4 mice each. The experimental groups 
received injections of the mE7/HSP70 plasmid combined 
with either the IL-28B or IL-15 plasmid, according to the 
protocols described in the Materials and Methods sec-
tion. Control groups were injected with IL-28B alone, 
IL-15 alone, or saline. 7 days after the final vaccination, 

the splenocytes were isolated and stimulated with 10 µg/
ml E749 − 57 peptide for 40 h. The results from the IFN-γ 
ELISPOT assay revealed that inclusion of IL-28B or IL-15 
significantly boosted E7-specific IFN-γ release (748 or 
438 spots per 5 × 105 splenocytes, respectively) (Fig. 3A). 
Notably, the use of the IL-28B adjuvant resulted in a 
markedly higher IFN-γ release compared to the IL-15 
adjuvant.

After confirming that IL-28B and IL-15 could increase 
the release of IFN-γ, we next investigated their effects 
on granzyme B expression. The mRNA levels of specific 
granzyme B were analyzed by real-time PCR. Consis-
tently, the inclusion of IL-28B adjuvant resulted in sig-
nificantly higher mRNA level of granzyme B compared to 
IL-15 adjuvant (Fig. 3C). Therefore, IL-28B plasmid adju-
vant appears to be more effective in enhancing the mE7/
HSP70 DNA vaccine response than IL-15 plasmid. Con-
sequently, IL-28 plasmid was selected as the adjuvant for 
subsequent experiments.

Fig. 3 Effects of cytokine gene adjuvants on the quantity of IFN-γ-specific CD8+ T cells and mRNA levels of granzyme B in isolated splenocytes. (A) The 
quantity of IFN-γ-secreting E7-specific CD8+ T cells was assessed using ELISPOT. The spot counts were presented as the mean ± SE for 4 mouse samples 
per vaccinated group, normalized to 5 × 105 splenocytes. (B) Representative ELISPOT images from each vaccinated group were shown. (C) The mRNA 
levels of specific granzyme B were analyzed via real-time PCR and normalized relative to GAPDH. *:P<0.05, ***:P<0.001, ****:P<0.0001

 

Fig. 2 Western blot was performed to assess the expression of mE6/HSP70, mE7/HSP70, IL-28B and IL-15 in lysates from 293T cells transfected with either 
pVAX1EI (A) or pmVAX1EI (B) vectors, 48 h post-transfection. Control samples were prepared from cells transfected with empty pVAX1EI or pmVAX1EI 
vectors
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CpG ODN incorporated into the vaccine vector could 
significantly enhance the CD8+ T cell response induced by 
mE7/HSP70 vaccine
To explore the intrinsic adjuvant activity of CpG ODN 
integrated into the DNA plasmid backbone, we con-
structed both CpG ODN-modified or unmodified plas-
mids encoding mE7/HSP70 (pmVAX1EI-mE7/HSP70, 
pVAX1EI-mE7/HSP70) and IL-28B (pmVAX1EI-IL-28B, 
pVAX1EI-IL-28B). Female C57BL/6 mice were randomly 
divided into 3 groups of 4 mice each. The plasmids were 
administered as detailed in the Materials and Methods 
section, 7 days post the final vaccination, the splenocytes 
were isolated and stimulated with 10 µg/ml E749 − 57 pep-
tide for 40 h. IFN-γ ELISPOT assay results revealed that 
the CpG-modified plasmids induced significantly higher 
E7-specific IFN-γ release compared to the unmodified 
group (Fig.  4A). Additionally, real-time PCR analysis 
for granzyme B expression demonstrated that the CpG-
modified plasmids elicited significantly higher level than 
unmodified group (Fig.  4C). Consequently, embedding 
CpG ODN within the plasmid backbone as an intramo-
lecular adjuvant significantly enhanced specific CD8+ 
T cell responses. Therefore, the CpG-modified vector 
pmVAX1EI was utilized in subsequent experiments.

The CpG-modified plasmids encoding mE7/HSP70, when 
combined with those encoding mE6/HSP70, exhibited 
a synergistic effect in enhancing the specific CD8+ T cell 
response
Currently, HPV16 therapeutic vaccines focusing on E7 or 
E6 oncoproteins have been reported, but there are rela-
tively few DNA vaccines targeting both E6 and E7 onco-
proteins. In this study, we investigated the combined 
effects of the mE7/HSP70 and mE6/HSP70 in conjunc-
tion with IL-28B gene adjuvant.

Female C57BL/6 mice were randomly assigned to 5 
groups, each consisting of 4 mice. The groups were as fol-
lows: mE7/HSP70 combined with IL-28B, mE6/HSP70 
combined with IL-28B, mE7/HSP70 combined with 
mE6/HSP70 in the presence or absence of IL-28B, and 
saline. The plasmids were administered as detailed in the 
Materials and Methods Sect. 7 days after the final vacci-
nation, the splenocytes were isolated and stimulated with 
10 µg/ml E749 − 57 and 10 µg/ml E650 − 57 peptides for 40 h. 
The results of the IFN-γ ELISPOT assay demonstrated 
that vaccination with a combination of mE7/HSP70 and 
mE6/HSP70 elicited a significantly higher number of spe-
cific IFN-γ-secreting CD8+T cells compared to vaccina-
tion with either mE7/HSP70 or mE6/HSP70 alone (780 
vs. 103 vs. 102 spots per 2.5 × 105 splenocytes) (Fig. 5A). 
Notably, the number of specific IFN-γ-secreting CD8+ T 
cells was found to be 3.8 times greater than the cumu-
lative total observed for mE6/HSP70 and mE7/HSP70 
administered individually. The results of real-time 
PCR for the detection of granzyme B indicated that the 

Fig. 4 Effects of CpG ODN modified plasmids on the quantity of IFN-γ -specific CD8+ T cells and mRNA levels of granzyme B in isolated splenocytes. 
(A) The quantity of IFN-γ-secreting E7-specific CD8+ T cells was assessed using ELISPOT. The spot counts were presented as the mean ± SE for 4 mouse 
samples per vaccinated group, normalized to 5 × 105 splenocytes. (B) Representative ELISPOT images from each vaccinated group are shown. (C) The 
mRNA levels of specific granzyme B were analyzed via real-time PCR and normalized relative to GAPDH. *:P<0.05, **:P<0.01, ***:P<0.001, ****:P<0.0001
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combination of mE7/HSP70 and mE6/HSP70 resulted 
in significantly higher mRNA levels compared to either 
mE7/HSP70 or mE6/HSP70 administered alone (Fig. 5C). 
furthermore, the findings demonstrated that the inclu-
sion of IL-28B adjuvant could markedly enhance the 
CD8+ T cell response induced by the combination of 
mE7/HSP70 and mE6/HSP70.

Based on the results obtained, it is evident that vac-
cination with the CpG-modified plasmids mE7/HSP70 
in conjunction with mE6/HSP70, along with the IL-28B 
gene adjuvant, elicited the most potent cellular immune 
response.

Vaccination with CpG-modified plasmids mE7/HSP70 in 
combination with mE6/HSP70, along with the IL-28B gene 
adjuvant, has been shown to effectively inhibit the growth 
of TC-1 transplanted tumors
Based on the promising results from our cellular immune 
response assays, which indicated that CpG-modified 
plasmids mE7/HSP70 in combination with mE6/HSP70, 
and further enhanced by the IL-28B gene adjuvant, had 
the potential to induce robust cellular immunity, we pro-
ceeded to evaluate their efficacy in preventing tumor 
growth in vivo. As illustrated in Fig. 6, by day 60, all mice 
immunized with a combination of mE6/HSP70 and mE7/
HSP70, regardless of the presence or absence of the IL-
28B gene adjuvant, remained tumor-free. In contrast, 
mice immunized solely with the IL-28B gene adjuvant 
began to develop tumors 16 days after TC-1 injection, 
with an average tumor size of approximately 387 ± 18 
mm2 by day 60. These mice were subsequently sacrificed. 
The results suggested that vaccination with mE6/HSP70 

combined with mE7/HSP70, either alone or synergisti-
cally with the IL-28B gene adjuvant, generates potent 
antitumor effects capable of completely preventing 
tumor growth in C57BL/6 mice following prophylactic 
challenge.

Vaccination with CpG-modified plasmids mE7/HSP70 
in combination with mE6/HSP70, along with the IL-28B 
gene adjuvant, has demonstrated significant efficacy 
in suppressing the progression of established TC-1 
transplanted tumors
We also evaluated the efficacy of CpG-modified plasmids 
mE7/HSP70 in combination with mE6/HSP70, along 
with the IL-28B gene adjuvant, in eradicating established 
tumors. The therapeutic effects were illustrated in Fig. 7. 
on day 14 following TC-1 challenge, a tumor-free rate of 
50% was observed in mice receiving either mE6/HSP70 
combined with mE7/HSP70, regardless of the presence or 
absence of the IL-28B gene adjuvant. By day 32, the pres-
ence of the IL-28B gene adjuvant enhanced the efficacy, 
resulting in a 100% tumor-free rate among mice inocu-
lated with mE6/HSP70 and mE7/HSP70, compared to a 
67% tumor-free rate without the adjuvant. In contrast, 
all mice receiving only the IL-28B plasmid developed 
tumors by day 60, with an average tumor size measuring 
approximately 433 ± 27 mm2. All mice survived until day 
60 when they were euthanized using CO2 asphyxiation. 
These results indicated that the combination of mE6/
HSP70 and mE7/HSP70, particularly in the presence of 
IL-28B gene adjuvant, exhibited the strongest immune 
clearance activity against the transplanted tumor.

Fig. 5 Effects of CpG-modified plasmids combining mE7/HSP70 and mE6/HSP70 on the quantity of IFN-γ-specific CD8+ T cells and mRNA levels of gran-
zyme B in isolated splenocytes. (A) The quantity of IFN-γ-secreting E7-specific CD8+ T cells was assessed using ELISPOT. The spot counts were presented 
as the mean ± SE for 4 mouse samples per vaccinated group, normalized to 5 × 105 splenocytes. (B) Representative ELISPOT images from each vaccinated 
group are shown. (C) The mRNA levels of specific granzyme B were analyzed via real-time PCR and normalized relative to GAPDH. *:P<0.05, **:P<0.01, 
***:P<0.001, ****:P<0.0001
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Fig. 7 The analysis of therapeutic immune activity in vivo. Each C57BL/6 mouse was subcutaneously inoculated with 7.5 × 104 TC-1 tumor cells. Three 
days post-inoculation, the mice were immunized with 15 µg of plasmid via electroporation, administered twice at a 10-day interval. Subsequently, tumor 
growth was monitored for a period of 60 days

 

Fig. 6 The analysis of prophylactic immune activity in vivo. C57BL/6 mice were immunized with 15 µg of plasmid via electroporation, administered twice 
at a 10-day interval. 7 days following the final vaccination, each mouse was challenged subcutaneously with 7.5 × 104 TC-1 tumor cells, and the growth of 
tumors was monitored for a period of 60 days

 



Page 9 of 12Zhou et al. Virology Journal            (2025) 22:3 

Discussion
In the past, DNA vaccines have demonstrated efficacy in 
animal models. However, they have not elicited sufficient 
immunogenicity in human clinical trials [19]. There-
fore, it is crucial to modulate and enhance the effective-
ness of DNA vaccines. Currently, several strategies have 
been explored to improve their immunogenicity, includ-
ing the use of adjuvants such as cytokines [20, 21], CpG 
motifs or CpG oligonucleotides [22–25], liposomes [26, 
27], and lipopolysaccharide [28, 29]. Additionally, modi-
fications like altering codon bias [30, 31] and employing 
electroporation techniques [32–34], along with heterolo-
gous prime/boost immunization [32, 35, 36], have shown 
promise in boosting the immune response.

In the current study, we investigated the efficacy of a 
combination of multiple strategies on HPV DNA vac-
cine. Our findings revealed that the integrating CpG 
motifs into the plasmid vector backbone, combining 
mE7/HSP70 and mE6/HSP70 plasmids, incorporating 
an IL-28B gene adjuvant, and administering the vaccine 
via electroporation significantly enhanced specific CD8+ 
T cell responses and eradicated the established tumor 
graft in C57BL/6 mice. Notably, We did not detect a spe-
cific CD4+ T cell response or humoral immune response, 
this is consistent with previous studies from our group 
and others which demonstrated that HPV DNA vac-
cines fused with HSP70 predominantly enhance specific 
CD8+ T cell responses, without substantial improvement 
in specific CD4+ T cell response or antibody produc-
tion [10, 37–39]. This phenomenon may be attributed to 
HSP70’s primary function in delivering antigenic pep-
tides to MHC-I molecules and its cross-presentation 
activity [40, 41]. Furthermore, clinical researches have 
indicated that CD8+ T cells are crucial for the antitumor 
effects of therapeutic vaccines, while specific CD4+ T cell 
responses and antibody responses are not the most criti-
cal factors [5, 41–44]. Therefore, our focus was on evalu-
ating the specific CD8+ T cell response.

In this study, we engineered the HPV16 E6 wild-type 
protein gene by inserting two HLA-A2 restriction epi-
topes between amino acids 70 and 71 in the zinc finger 
binding region. Similarly, the E7 wild-type protein gene 
was also modified through a combination of strate-
gies that involved mutating the Rb binding site, cleav-
ing and rearranging the gene, as well as adding one 
HLA-A2 restriction epitope at both the N-terminus and 
C-terminus. These modifications introduced additional 
human CD8+ T cell epitopes into the E6 and E7 genes, 
laying the groundwork for eliciting a robust CD8+ T cell 
response and paving the way for future clinical applica-
tions. The transforming functions of HPV E6 and E7 
proteins depend on their native spatial structure. The E7 
protein requires dimerization and must be localized in 
the nucleus. The CR2 homology region of the E7 protein 

includes a binding site for the tumor suppressor protein 
Rb, facilitating the release of the E2F factor, which is cru-
cial for its transforming activity [45]. Studies have shown 
that mutating the Rb binding site or the zinc finger motif 
(CXXC) of the E7 protein can knock out its transforming 
activity [46]. There are few reports on the key sites of the 
transforming activity of the E6 protein, but E6 also con-
tains two zinc finger structures. Introducing point muta-
tions into the zinc finger motif can disrupt its structure, 
potentially preventing the E6 protein from degrading p53 
via E6-AP-mediated pathways, thereby knocking out its 
transforming activity. Additionally, cutting the E6 and E7 
genes into sub-fragments and rearranging them to dis-
rupt their native protein structures can also knock out 
the transforming activities when used alone or in combi-
nation with other strategies [38, 47–50]. In our study, we 
employed a multifaceted approach to modify E6/E7 by 
introducing point mutations (at the Rb binding site and 
the zinc finger motif ), gene shuffling and CTL epitope 
peptide insertion. We assessed the effect of mE6/HSP70 
on degradation of cellular p53 proteins was detected. 
As shown in Figure S2, after transfection of wild-type 
HPV16 E6 expression plasmid into 293T cells, intracel-
lular degradation of p53 was observed. However, no deg-
radation of p53 was observed in 293T cells transfected 
with the mE6/HSP70 vaccine plasmid, indicating that the 
antigen design of the vaccine can effectively eliminate the 
transforming activity of E6. This may be due to the fact 
that the modified E6 not only lost the key sites and struc-
tures related to transforming activity but also lost the 
spatial structure of the native protein.

Notably, our findings revealed that the combined 
immunization with plasmids expressing E6/HSP70 or 
E7/HSP70 antigens induced significantly higher levels of 
specific CD8+ T cell responses compared to individual 
immunization (Fig. 5). We speculated that the synergis-
tic enhancement observed with combined immunization 
may stem from multiple mechanisms. Firstly, the com-
bined immunization utilizing two plasmids likely results 
in enhanced expression of fusion proteins, all containing 
HSP70. Consequently, the total expression of HSP70 may 
be elevated, potentially amplifying the adjuvant effect. 
Secondly, the presence of more fusion antigens could 
enhance the immune response through various factors, 
such as recruiting a greater number of immune cells, 
providing additional helper T cell epitopes, and elevating 
local cytokine levels. Future studies will aim to elucidate 
the underlying mechanisms of this synergistic effect.

To further enhance the immunogenicity of our HPV 
DNA vaccine, we incorporated cytokine gene adjuvants. 
Previous studies have demonstrated the adjuvant activ-
ity of various cytokines, including IL-12, IL-15, IL-28B, 
IFN-γ and Granulocyte-macrophage colony-stimulating 
factor (GM-CSF). However, the efficacy of a particular 
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cytokine as an adjuvant can be unpredictable when used 
in different vaccines or administered in varying ways. 
IL-15 gene adjuvant has been shown to significantly 
boost specific CD8+T cell response in HIV DNA vaccine 
and Trypanosoma cruzi DNA vaccine [51–53]. Although 
IL-28B gene adjuvant has been reported to augment 
the function of CD8+ T cells and protective immune 
responses in HIV DNA vaccine [54–56], HSV DNA vac-
cines [57] and Flu vaccines [58], it had no effect on the 
immune activity or protective immunity of a tuberculo-
sis fusion protein vaccine [59]. Similarly, GM-CSF gene 
adjuvant significantly enhanced the immunogenicity of 
SARS-CoV-2 DNA vaccines [60], anti-Lewis lung carci-
noma DNA vaccines [61] and HPV16 E6/E7 DNA vac-
cines [62], but it inhibited antibody level and protective 
effects induced by Japanese encephalitis virus DNA vac-
cine [63]. For the first time, we employed the IL-28B 
plasmid as an adjuvant for our HPV DNA vaccine in 
comparison with IL-15 plasmid due to our research 
group’s findings that IL-15 enhance CD8+ T cell response. 
Our analysis of this comparison suggested that IL-28B 
may be more effective than IL-15 in enhancing CD8+ T 
cell response induced by HPV DNA vaccine.

The previous studies have demonstrated that the 
immunogenicity of plasmid DNA can be modulated 
and enhanced by the presence of CpG motifs or ODN in 
the backbone. In humans, four classes of synthetic CpG 
ODN have been identified, differing in structure and 
immune activity: A-, B-, C- and P-types [64]. One study 
suggested that insertion of C-type motifs in anthrax 
DNA vaccines enhance higher cell-mediated and pro-
tective immune responses compared to A- and B-type 
motifs [18]. Another study showed that mice vaccinated 
with C-type CpG-modified vaccines exhibited enhanced 
Th1-biasd T-cell response [65]. Morever, several clinical 
studies indicated that B-type CpG such as CpG7909 or 
CpG1018, used as adjuvants in vaccines targeting infec-
tious diseases and cancers, could enhance Th1-skewed 
immune response of these vaccines [66, 67]. These find-
ings suggested that CpG motifs might be appropriate for 
use as “bulit-in” adjuvants in DNA vaccine. Furthermore, 
a study comparing the efficacy of vaccines modified with 
5, 20 and 40 copies of CpG motifs showed that adding 
more copies of CpG motifs produced stronger adjuvant 
effects [18]. In our study, we synthesized one CpG motifs, 
including B type, which exhibited good stimulating activ-
ity on human immune cells [16], then inserted 20 cop-
ies of CpG motif into the plasmid backbone. Our data 
showed that CpG-modified HPV DNA vaccine induced 
significantly higher CD8+ T cell responses than non-
modified HPV DNA vaccine.

Electroporation (EP) was employed in our experi-
ment as the delivery method, which has been previously 
proved to enhance the efficacy of DNA vaccine efficacy in 

various pre-clinical [54] and clinical trials [5, 7]. EP has 
also been shown to improve the immunogenicity of low-
dose of DNA plasmid. For instance, previous studies in 
mice had utilized 2 µg [68] or 10 µg [54, 69] of plasmid 
to demonstrate that electroporation-mediated intramus-
cular plasmid delivery could induce significant cellular 
immunity. In our study, we initially used 15 µg of plasmid 
to explore the induced cellular immunity, with plans to 
test other doses in subsequent experiments.

TC-1 cells, commonly used as in vivo tumor model for 
evaluating HPV16 DNA vaccine efficacy, were derived 
from epithelial cells of C57BL/6 mice co-transformed 
with HPV16 E6, E7 and c-Ha-ras oncogenes [70]. 
According to previous studies [50, 71, 72], the commonly 
accepted dose of TC-1 cells was used in this study, and 
the results demonstrated that both mE6/HSP70 and 
mE7/HSP70 bivalent vaccines, with or without IL-28B 
plasmid, induced complete protection against TC-1 chal-
lenges (Figs. 5 and 6). Notably, the vaccine combined with 
IL-28B plasmid showed faster tumor clearance (though 
not significantly) in the therapeutic experiments (Fig. 6). 
These findings suggested that the protective activity of 
the mE6/HSP70 and mE7/HSP70 bivalent vaccines is 
potent and may have reached the detection limit of the 
TC-1 challenge assay using the commonly employed 
TC-1 dose. Therefore, it is necessary to optimize the dose 
of TC-1 challenge in future studies, to clarify the role of 
IL-28B in enhancing in vivo protective activity.

In general, our findings might offer one efficient strat-
egy for optimizing DNA vaccines by incorporating CpG 
ODNs into plasmid vector, combining mE6/HSP70 and 
mE7/HSP70 plasmids, and using IL-28B as a gene adju-
vant, with delivery via electroporation.

Deficiencies and prospects
Our study is the first to demonstrate that IL-28B gene 
adjuvant can enhance the CD8+ T cell immune response 
induced by HPV16 DNA vaccine. Previous research has 
indicated that IL-28B gene adjuvant also significantly 
down-regulated the number of Treg cells in the spleen of 
immunized mice [54, 59]. Therefore, further analysis is 
needed to investigate the effect of IL-28B on Treg cells in 
HPV16 DNA vaccine.

In this study, we observed no obvious difference in the 
anti-tumor activity of HPV16 DNA vaccine with or with-
out IL-28B in vivo. The possible reason for this might 
be the low tumor burden in mice. Future study should 
consider increasing the number of TC-1 tumor cells 
inoculated or prolonging the interval between tumor cell 
inoculation and the first immunization to better assess 
the impact of IL-28B on anti-tumor activity.
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