Journal of Virological Methods 206 (2014) 12–18

Contents lists available at ScienceDirect

Journal of Virological Methods
journal homepage: www.elsevier.com/locate/jviromet

DNA vaccine encoding HPV-16 E7 with mutation in L-Y-C-Y-E
pRb-binding motif induces potent anti-tumor responses in mice
Armina Alagheband Bahrami a , Amir Ghaemi b,c,∗ , Alijan Tabarraei b , Azadeh Sajadian c ,
Ali Gorji c,d,e , Hoorieh Soleimanjahi f
a

Department of Medical Biotechnology, Faculty of Advanced Medical Technologies, Golestan University of Medical Sciences, Gorgan, Iran
Department of Microbiology, Golestan University of Medical Sciences, Gorgan, Iran
c
Shefa Neuroscience Research Center, Tehran, Iran
d
Institut für Physiologie I, Westfälische Wilhelms-Universität Münster, Robert-Koch-Strasse Münster, Germany
e
Klinik und Poliklinik für Neurochirurgie, Westfälische Wilhelms-Universität Münster, Münster, Germany
f
Department of Virology, Faculty of Medical Sciences, Tarbiat Modares University, Tehran, Iran
b

a b s t r a c t
Article history:
Received 27 December 2013
Received in revised form 17 May 2014
Accepted 20 May 2014
Available online 29 May 2014
Keywords:
Cervical cancer
Human papilloma virus
E7
DNA vaccines
Mutant
pRb-binding motif

Cervical cancer is the second most common cancer among women worldwide and remains a clinical
problem despite improvements in early detection and therapy. The human papillomavirus (HPV) type 16
(HPV16) E7 oncoprotein expressed in cervical carcinoma cells are considered as attractive tumor-speciﬁc
antigen targets for immunotherapy. Since the transformation potential of the oncogenes, vaccination
based of these oncogenes is not safe. In present study, DNA vaccine expressing the modiﬁed variant with
mutation in pRb-binding motif of the HPV-16 E7 oncoprotein was generated.
A novel modiﬁed E7 gene with mutation in LYCYE motif was designed and constructed and the immunogenicity and antitumor effect of therapeutic DNA vaccines encoding the mutant and wild type of E7 gene
were investigated. The L-Y-C-Y-E pRb-binding motif of E7 proteins has been involved in the immortalization and transformation of the host cell.
The results showed that the mutant and wild type HPV-16 E7 vectors expressed the desired protein.
Furthermore, the immunological mechanism behind mutant E7 DNA vaccine can be attributed at least
partially to increased cytotoxic T lymphocyte, accompanied by the up-regulation of Th1-cytokine IFN-␥
and TNF-␤ and down-regulation of Th3-cytokine TGF-␤. Immunized mice with mutant plasmid demonstrated signiﬁcantly stronger cell immune responses and higher levels of tumor protection than wild-type
E7 DNA vaccine.
The results exhibit that modiﬁed E7 DNA vaccine may be a promising candidate for development of
therapeutic vaccine against HPV-16 cancers.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Abbreviations: HPV, human papilloma virus; PHA, phytohemaglotinin; APC,
antigen-presenting cell; CTL, cytolytic T lymphocyte; Rb, retinoblastoma; IFN-␥,
interferon ␥; IL-4, interleukin 4; TNF, tumor necrosis factor; TGF-␤, transforming growth factor beta; PVDF, polyvinylidene diﬂuoride membranes; LDH,
lactate dehydrogenase; MTT, 3[4,5-dimethylthiazol-2-ll]-2,5-diphenyltetrazolium
bromide, thiazolyl-blue; DMSO, dimethyl sulfoxide; OD, optical density; FBS, fetal
bovine serum; CHO, Chinese hamster ovary; RPMI, 1640 Roswell Park Memorial
Institute (name of the medium); Th, T helper.
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Cervical cancer is the second most common cause of women
deaths in all over the world. It would result in death of approximately 250,000–290,000 women each year globally, particularly
in developing countries. Clinical, molecular and epidemiological
investigations have identiﬁed human papilloma virus (HPV) as the
major cause of cervical cancer (Trottier and Burchell, 2009).
Virtually all cervical cancers (about 99%) contain the genes of
high-risk HPVs, most commonly types 16, 18, 31, and 45. In addition, HPV may play a role in certain carcinomas of the head and
neck region and perhaps other cancers (Cubie, 2013). Therefore,
it is necessary to develop therapeutic vaccines to reduce infection
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or HPV-related cancers especially cervical cancer (Elfstrom et al.,
2014; Tran et al., 2014).
As the late proteins L1 and L2 are not detected in cervical cancer
or infected basal cells, most therapeutic vaccines target the HPV
early proteins such as E6 and E7. These oncogenic proteins are critical to the induction and maintenance of cellular transformation
and are co-expressed in the majority of HPV-containing carcinomas
(Morrow et al., 2013).
When a cell is infected with HPV, the E7 abrogate retinoblastoma (Rb) protein function, preventing it from interacting with E2F.
Because E2F is now free, it promotes further rounds of cell division
(Ghittoni et al., 2010). E7 also alter cytokine expression pattern,
resulting in immune evasion (Sasagawa et al., 2012).
DNA vaccines targeting the E7 antigen offer a potentially effective procedure in HPV therapeutic vaccine development against
E7-expressing tumors. DNA vaccines represent a promising strategy for generating antigen-speciﬁc immunotherapy because of
their simplicity, stability, safety, and capacity for repeated administration (Li et al., 2012).
Although some experts believe that DNA vaccines are safer
than live recombinant vaccines, others have raised concerns that
the injected DNA might become integrated into the host genome,
potentially inactivating tumor suppressor genes or activating oncogenes (Peng et al., 2006). DNA vaccines encoding E7 oncoprotein
can either stably integrate into the genome or are maintained
in an episomal form allowing for extended expression of HPV
antigens (Eiben et al., 2003). In order to prevent vaccinationinduced cellular transformation, modiﬁcation in the pRb binding
sites is necessary to eliminate the potential for oncogenic transformation while preserving critical epitopes (Ohlschlager et al.,
2006).
The HPV16 E7 protein represents a zinc ﬁnger-binding phosphoprotein with two Cys-X-X-Cys domains composed of 98 amino
acids. HPV16 E7 protein binds Rb through an L-Y-C-Y-E (conserved
region 1; aa 21–26) motif (Cassetti et al., 2004; Munger et al.,
2001). It has been shown that the transformation potential of the
E7 oncoprotein is mainly localized in its pRb binding site (Smahel
et al., 2001). As this interaction is probably required for carcinogenic progression in human patients, then therapeutic blockade
of this activity could provide new treatment strategies in cervical
carcinoma (Pang et al., 2013).
Previous study have demonstrated that mutation affecting only
Cys of the repeats, which are conserved between different HPV E7
proteins, severely reduced the transforming activity but did not
totally destroy it (Cassetti et al., 2004; Shi et al., 1999; Smahel et al.,
2001). In order to design an E7 DNA vaccine with reduced transformation capacity and increased stability, three point mutations
were introduced into the L-Y-C-Y-E pRb-binding motif (23 Tyr to
Gly, 24 Cys to Gly, 25 Tyr to Gly) and mutated E7 gene was designed
as DNA vaccine and administrated in tumor cell expressing HPV16
antigens. The immunogenicity and antitumor effect of the mutated
vaccine was compared with wild E7 DNA vaccine.
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2.2. Cell lines
TC-1, (Part of the Johns Hopkins Special Collection) was derived
from primary epithelial cells of C57BL/6 mice co-transformed with
HPV16 E6 and E7 and activated c-Ha-ras oncogene. TC-1 cell line
which is HPV-16 E7+ was used as a tumor model in an H-2b murine
system. TC-1 and CHO Chinese hamster ovary cell lines were grown
in Roswell Park Memorial Institute medium (RPMI 1640) (Gibco
BRL, Gaithersburg, MD, USA) supplemented with 10% (v/v) fetal
bovine serum (FBS), penicillin/streptomycin 50 U/ml, 2 mM glutamine, 1 mM sodium pyruvate, 2 mM nonessential amino acids,
and G418 0.4 mg/ml at 37 ◦ C with 5% CO2 .
2.3. Construction of the recombinant vector
In the study, pcDNA3 plasmids which contain the mutant and
wild type HPV-16 E7 DNA vaccines (23 Tyr to Gly, 24 Cys to Gly, 25
Tyr to Gly) under the control of the cytomegalovirus immediateearly promoter/enhancer (CMV-IEPE) were used.
The generation of pcDNA3-E7 has been described previously.
Plasmid constructs were conﬁrmed by DNA sequencing and expression. The immunogenicity of the construct had been evaluated in
the previous experiment (Ghaemi et al., 2011).
The mutant HPV16 E7 gene was chemically synthesized by
MWG Biotech (Ebersberg, Germany) and provided in a pEX-A vector ready for excision via the EcoRI and XhoI restriction sites at
the 5 and 3 ends, respectively. This sequence contained three
substitutions at LYCYE motif, mutations at positions 23Y, 24C and
25Y of this motif abolish its RB-binding capability. The resulting
gene was sequenced to ensure that only the desired change had
been introduced, and then subcloned into EcoRI/XhoI site of the
eukaryotic expression vector pcDNA3.1 (Invitrogen, San Diego, CA,
USA).
2.4. Gene expression analysis
CHO cells were cultured in RPMI 1640 containing 10% FBS.
Plasmids were transfected by Lipofectamine 2000 (Invitrogen, San
Diego, CA, USA), and cells were harvested between 24 and 48 h
after transfection. Cellular protein from transfected CHO cells were
extracted using the lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM
NaCl, 1 mM EDTA, 1 mM MgCl2 , and 0.5% Nonidet P-40). Proteins
were separated by sodium dodecyl sulfate (SDS)/PAGE and analyzed by Western blotting with the Anti-E7 antibody.
Separated proteins were blotted onto polyvinylidene diﬂuoride
membranes (PVDF) (Roche, Germany), and treated with the AntiHPV-16 E7 Polyclonal Antibody (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), followed by detection with goat anti-mouse secondary antibody conjugated to alkaline phosphatase (Sigma, St
Louis, MO, USA) in secondary antibody solution. Color was developed by incubating the membrane in alkaline phosphate buffer
containing Tetramethylbenzidine (TMB) Substrate Solution.
2.5. Tumor challenge and Immunizations

2. Materials and methods
2.1. Mice
6 ± 8-week-old female C57BL/6 mice were purchased from the
Pasteur Institute (Karaj, Iran) and kept in the laboratory animal
facility of Golestan University of medical science. All animals were
fed with enough food and water to pass adaptation period, and
treated with 6.00–18.00-h light/dark cycle. Approved protocols
were applied to all animal experiments with consideration of recommendations for the accurate use and care of laboratory animals
by the ethical commission of Golestan University.

In immunotherapeutic experiments, female mice of 6–8 weeks
(n = 10) were ﬁrst inoculated by subcutaneous injection in the right
ﬂank with 3 × 105 TC-1 cells. One week after tumor cell transplantation, the mice were immunized with 100 g DNA vaccine
encoding mutant and wild type HPV-16 E7 genes, pcDNA3 and PBS
via intramuscular injection. The mice received 2 boosts with the
same regimen 1 and 2 weeks later. Tumor growth was monitored
and estimated according to Carlsson’s formula. Hence, the largest
(a) and the smallest (b) superﬁcial diameters of the tumor were
measured twice a week and then the volume (V) of the tumor was
calculated (V = a × b × b/2) (Ghaemi et al., 2010). Statistical analysis
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was performed using Student’s t test. All values were expressed as
mean ± SD.
2.6. Cytotoxicity assay
One week after last immunization, the mice (three mice of each
group) were sacriﬁced and their splenocytes were isolated. For each
sample obtained from individual mice, single-cell suspensions of
mononuclear cells (used as the effector cells) were cultured in RPMI
1640 medium with washed EL4 target cells (a mouse lymphoma
cell line derived from C57BL/6 (MHC-H2b); ATCC TIB-39, from the
National Cell Bank of Iran (NCBI, Pasteur Institute, Tehran)) at various effector-to-target cell (E/T) ratios (25:1, 50:1, 100:1) and in
96-well ﬂat-bottom plates for 4 h in phenol red-free RPMI 1640
containing 3% FBS.
For preparation of the target cells, EL4 cells were stimulated with
4 × 105 TC-1 cells treated previously with mitomycin C (30 g/ml
for 3 h) and then incubated for 4 h. After centrifugation, the supernatants (50 l/well) were transferred into the 96-well ﬂat-bottom
plates, and lysis of target cells were determined by measuring
lactate dehydrogenase (LDH) release using a LDH cytotoxicity
detection kit according to the procedures stated by the manufacturer (Takara Company, Shiga, Japan). Several controls were used
for the cytotoxicity assay.
The ‘target maximum’ was the total LDH released from the target
cells, and all EL4 cells were lysed by medium containing 1% Triton
X-100. The ‘target spontaneous’ was the natural release of LDH from
the target cells, which was obtained by adding EL4 cells only to the
assay medium. The ‘T cell control’ was used to measure the natural
release of LDH from T cells and was obtained by adding the different
ratios of T cells only to the assay medium.
For all samples, including the controls, the assay was performed
in triplicate. The LDH-mediated conversion of tetrazolium salt into
a red formazan product was measured at 490 nm after incubation at
room temperature for 30 min. The percentage of speciﬁc cytolysis
was determined by the following formula:



Cytotoxicity = (experimental value − effector spontaneous) −

One week after third immunization, a single-cell suspension
of mononuclear cells obtained from immunized mice was used
for the lymphocyte proliferation assay (LPA). Brieﬂy, the suspension of isolated spleen cells was treated with lysis buffer (0.15
MNH4 Cl; 1 m MKHCO3 ; 0.1 mM Na2 EDTA; pH 7.2) in order to clear
red blood cells. In 96-well ﬂat-bottom culture plates (Orange Scientiﬁc, Waterloo, Belgium), 2 × 105 cells per well were cultured.
The preparations were cultured in RPMI 1640 supplemented with
10% FBS, 1% l-glutamine, 1% HEPES, 0.1% 2-mercaptoethanol and
0.1% penicillin/streptomycin, and incubated in the Presence of
4 × 105 TC-1 cells treated previously with Mitomycin C (30 g/ml
for 3 h) per well at 37◦ in 5% CO2 . Five g/ml T cell mitogen phytohemagglutinin (PHA) (Sigma Chemicals, St. Louis, MO,
USA) was used as the positive control. After 3 days, 5 g/ml of
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (Sigma Chemicals, St. Louis, MO, USA) was added to each well
and incubated for 5 h at 37◦ in 5% CO2 . DMSO (100 l) was added
to dissolve formed formazan crystals. Then, the plates were read at
540 nm, and the results expressed as a stimulation index (SI). The
SI was determined as follows:
OD unstimulated culture
OD stimulated culture

All tests were performed in triplicate for each mouse.

2.8. Cytokine secretion assay
One week after the third immunization, mononuclear cells from
spleens of immunized mice at a concentration of 2 × 106 cells
per well were incubated in 24-well plates for 3 days in RPMI
1640 supplemented with 10% FBS, 1% l-glutamine, 1% HEPES, 0.1%
2-mercaptoethanol and 0.1% penicillin/streptomycin, and pulsed
with 4 × 105 TC-1 cells treated previously with mitomycin C
(30 g/ml for 3 h) at 37◦ in 5% CO2 .
The supernatants were collected and assayed for the presence
of IFN-␥, IL-4, TNF-␣ and TGF-␤, using commercially available
sandwich-based ELISA kits (eBioscience, San Diego, USA) following



low control
× 100
high control − low control

2.7. Lymphocyte proliferation assay

SI =

Fig. 1. Western blot analysis of mutant and wild types of E7. CHO cells were transfected with the various plasmids, and proteins in cell lysates were resolved by
SDS–PAGE and analyzed by Western blot with anti-E7 antibody. Lanes are labeled
as follows: 1: Protein marker, 2: TC-1 lysate, 3: E7 Wild, 4: Mutant E7, 5: pcDNA3.

the manufacturer’s instruction. All tests were performed in triplicate for each mouse.
2.9. Statistical analysis
To compare results between the different groups, a one-way
ANOVA was used. The statistical software SPSS version 16.0 was
utilized for statistical analyses. Differences were considered statistically signiﬁcant when p < 0.05.
3. Results
3.1. Construction of mutant HPV-16 E7 DNA vaccine
The accuracy of inserted E7 fragment was conﬁrmed by
restriction enzyme analysis and sequencing. Western blots were
performed for protein expression analysis. At 48 h post transfection,
cell lysates were analyzed by western blot using anti-E7 antibody. As shown in Fig. 1, a very strong band of approximately
13 kDa, corresponding to E7, was observed in cells transfected
with pcDNA3-mutant E7 (lane 4). This E7 band was also visible in cells transfected with pcDNA3-wild type E7 (lane 3). Cell
lysate from TC-1 was used as positive control (lanes 2). In contrast,
transfected CHO Cell lysate with pcDNA3 used as negative control
(lanes 5).
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Fig. 2. Strong CTL effects induced by mutant HPV-16 E7 DNA vaccine. Mice (n = 3)
were immunized thrice with the mutant and wild type HPV-16 E7 DNA vaccines with
a one-week interval. The LDH release rate from the target cell EL4 was assessed as
the E7-specifc cytolytic activity of effector splenocytes and expressed as cytotoxicity
percentage ± SD. Results are representative of at least three independent experiments. **Indicates statistically signiﬁcant difference between the marked groups
as determined by one-way ANOVA (P < 0.01). The graph also shows the statistical
signiﬁcant differences between the mutant and wild type HPV-16 E7 DNA vaccines
with PBS and pcDNA3 control groups (P < 0.05).

Fig. 3. Signiﬁcant cell proliferation stimulated by mutant HPV-16 E7 DNA vaccine. Mice (n = 3) were immunized thrice with the mutant and wild type HPV-16
E7 DNA vaccines with a one-week interval. One week after the last immunization,
splenocytes were harvested from each mouse and re-stimulated with the E7 antigen
in vitro and assessed for proliferation capacity by the MTT assay. Each experiment
was repeated three times and data shown are mean ± SD. Results are representative of three independent experiments. **Indicates statistically signiﬁcant difference
between the marked groups as determined by one-way ANOVA (P < 0.01). The graph
also shows the statistical signiﬁcant differences between the mutant HPV-16 E7 DNA
vaccine with PBS and pcDNA3 control groups (P < 0.05).

3.2. CTL assay

3.4. Cytokine assay

DNA immunization with E7 has been shown to induce CTL
responses (Ghaemi et al., 2011). Herein it was investigated whether
CTL responses could be induced by immunization with plasmid
DNA encoding a modiﬁed E7. The CTL response in immunized mice
was examined in present study by the LDH release assay in 96-well
plates. The mice were immunized three times, and the CTL activity was measured as described before. Cytolytic activity was most
effective at effector: target ratio of 100:1 (100:1 E/T), with maximal
cytotoxic responses to EL4 target cells.
As shown in Fig. 2, lymphocytes in vaccinated mice with mutant
HPV-16 E7 (87.21 ± 13.2%) and wild type HPV-16 E7 (67.17 ± 6.9%)
at 100:1 E/T ratio had a signiﬁcantly increased speciﬁc cytolytic
activity when compared to that of pcDNA3 (44.7 ± 10.9%) and
PBS (40.03 ± 8%) as negative control groups (P < 0.05). According to these results, they showed that the immunized mice
with the mutant E7 DNA vaccine induced higher levels of CTL
activity than those of the wild E7 DNA vaccine (P < 0.01). The
results from three representative experiments are expressed as
the percentage of speciﬁc lysis at a 100:1 effector to target cell
ratio.

To investigate the potential mechanisms responsible for the
observed therapeutic efﬁcacy of mutant E7 DNA vaccine on TC-1
tumor, the proportion of different cytokines between mutant and
wild type HPV-16 E7 DNA vaccines-treated, and control groups
were compared. Therefore, the levels of Th1-cytokine IFN-␥ and
TNF-␣, Th2-cytokine IL-4, and Th3-cytokine TGF-␤ in the supernatant of cultures from splenocytes stimulated with E7 antigen
were examined. As shown in Table 1, splenocytes taken from immunized mice which received mutant HPV-16 E7 vaccine produced
higher levels of IFN-␥ in comparison to any of the other groups
(p < 0.05) including the wild E7 DNA group, while concentrations
of the Th3-cytokine TGF-␤ (anti-inﬂammatory cytokine) in mutant
HPV-16 E7 DNA vaccine group were signiﬁcantly lower than those
in any of the other groups (P < 0.05). Of note, the level of another
of the Th1-cytokine TNF-␣ in both mutant HPV-16 E7 vaccine and
wild HPV-16 E7 vaccine groups were signiﬁcantly higher than those
in the negative control groups (P < 0.05), but mutant HPV-16 E7
vaccine and wild HPV-16 E7 vaccine groups showed no signiﬁcant
difference with each other in TNF-␣ level.
It was found that concentrations of Th2-cytokine (IL-4) in
mutant HPV-16 E7 vaccine was not signiﬁcantly different among
the groups (P > 0.05), although there was a slight increase in mutant
HPV-16 E7 vaccine group compared to the negative controls.
Together, these observations suggest that mutant HPV-16 E7 vaccine, indeed shifted toward a predominant Th1 proﬁle.

3.3. Lymphocyte proliferation assay
Since lymphocyte proliferative responses are generally considered as a measure of cell-mediated immunity, HPV E7
antigen-speciﬁc lymphocyte proliferation was evaluated by MTT
assay.
Mice were immunized three times with the DNA vaccines
at one-week intervals: mutant E7, wild E7, pcDNA3, or PBS.
One week after the last immunization, the splenocytes from the
immunized mice were harvested and re-stimulated in vitro with
E7 for the lymphocyte proliferation assay. As shown in Fig. 3,
the splenocytes from mice inoculated with mutant HPV-16 E7
showed signiﬁcantly higher lymphocyte proliferation than any
of the other groups (p < 0.05) as indicated by the proliferation
index >2.5. In contrast, neither wild E7, pcDNA3, nor PBS could
induce remarkable cell proliferation, as indicated by the respective
indexes.

Table 1
IFN-␥, IL-4, TGF-␤ and TNF-␣ levels in culture supernatants of splenocytes from
immunized mice one week after last vaccine administration (n = 3, mean ± S.D.).
Vaccine

IFN-␥

Mutant E7
Wild E7
pcDNA3
PBS

238.5 ± 13.5
152.3 ± 12.3
71.4 ± 3.4
56.3 ± 8.4

a,b

IL-4

TGF-␤

TNF-␣

143.05 ± 8.4
119.6 ± 11.6
70.3 ± 2.3
53 ± 5.5

110.3 ± 4.4
176.7 ± 7.3
314.6 ± 2.3
307.6 ± 5.5

a,b

357.6 ± 5.6a
266 ± 6.3a
121.5 ± 3.4
68.5 ± 6.2

Results are representative of three independent experiments.
a
Shows the statistical signiﬁcant differences between two DNA vaccine with PBS
and pcDNA3 control groups as determined by one-way ANOVA (P < 0.05).
b
Shows the statistical signiﬁcant differences between mutant E7 with Wild E7 as
determined by one-way ANOVA (P < 0.05).
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Fig. 4. Graphical representation of the tumor volume in mice challenged with
2 × 105 TC-1 tumor cells subcutaneously. Mice were then treated with the HPV-16
mutant E7 and the HPV-16 wild E7 vaccine as described in Materials and Methods.
Mice were monitored twice a week for tumor growth. Line and scatter plot graphs
depicting the tumor volume (in mm3 ) are presented. Tumor treatment experiments
were performed three times to generate reproducible data.

3.5. Antitumor effect of therapeutic DNA vaccine
To determine whether the mutant HPV-16 E7 vaccine could
provide protection against tumors in vaccinated mice, C57BL/6
mice were immunized thrice with the mutant HPV-16 E7 vaccine
and the wild HPV-16 E7 vaccine using the same dose and vaccination regimen for each construct. After the last vaccination, the mice
were challenged subcutaneously with HPV-16 tumor cell model,
TC-1. The tumors were measured twice a week once they became
palpable.
Tumors grew rapidly in mice inoculated with pcDNA3 and PBS,
whereas tumor growth was retarded signiﬁcantly in mice treated
with DNA vaccines expressing the wild or mutant E7 protein. As
shown in Fig. 4, at 30, 40 and 50 days after vaccination, mean tumor
volumes were statistically different in the DNA vaccine groups
compared to negative control groups (p < 0.001, one-way ANOVA).
Tumor volumes were 2.7-fold less in the mutant HPV-16 E7 vaccine
group 30 days after immunization than the wild HPV-16 E7 vaccine group. At 40 and 50 days after vaccination, the average tumor
volumes of the mutant E7-vaccinated animals were signiﬁcantly
3.2- and 3.8-fold less (P < 0.001) than in those vaccinated with the
wild HPV-16 E7 vaccine. The mice vaccinated with the wild HPV16 E7 vaccine had the smallest tumor volumes 50 days after TC-1
tumor challenge (p < 0.001, one-way ANOVA). Similar results were
obtained in three independent experiments with seven mice per
group.
These results indicate that vaccinations with mutant E7 generate potent immune responses and anti-tumor effects.
4. Discussion
The human HPV E7 protein is expressed selectively in cervical cancer cells and thus is considered the prime target for cell
mediated immunotherapy (Hung et al., 2007). Therefore, the goal
of immunization against HPV-induced malignancies is to boost
cellular immune system that eliminates cancerous cells. Several
E7-speciﬁc therapeutic vaccines are being developed currently
(Morrow et al., 2013; Tomson et al., 2004). Among them, DNA
vaccination has emerged as an attractive strategy for generating
antigen-speciﬁc immunotherapy because of low production costs,
overall stability and ease of storage (Moniz et al., 2003). However,

because the E7 protein is known to have transforming activity,
this DNA vaccine might have oncogenic potential. Mutation in the
E7 protein, which abrogates the transforming activity, helps to
ensure the safety of the DNA vaccine (Ohlschlager et al., 2006).
The present study demonstrated that a therapeutic DNA vaccine
encoding mutant E7 antigen is able to induce signiﬁcantly a cellular immune response and reduce tumor volume against H-2b tumor
cell line, TC-1 (containing the HPV16 E6, E7) compared to the DNA
vaccine encoding wild E7 gene.
Selecting optimized mutations that interfere with binding to the
host cell Rb protein is important to produce an efﬁcient mutated
E7 vaccine. Previous studies have exhibited those amino acids in
second conserved region (CR2) shared by most E7 protein form
tight complexes with small pocket of retinoblastoma tumor suppressor protein, pRb (Ghittoni et al., 2010; Singh et al., 2005). The
Leu-Tyr-Cys-Tyr-Glu (L-Y-C-Y-E) motif (aa 22–26) comprises the
core for pRb pocket binding (Comerford et al., 1991). The LYCYE
pRb-binding motif of high risk HPV E7 proteins has been implicated in the immortalization and transformation of the host cell
(Ledl et al., 2005; Narechania et al., 2004).
Using various LYCYE sequences and mutant peptides from E7,
it has been demonstrated that this interaction is complex and
involves residues other than Cys. Barbosa et al. have demonstrated
that mutation at Cys 24 induces partial loss of afﬁnity for pRb
(Barbosa et al., 1990). Recent study has also showed that single
amino acid substitution may not be sufﬁcient for inactivation of
the pRb binding to LYCYE sequences (Singh et al., 2005). It was also
found that the E7 gene can be genetically modiﬁed to abrogate its
binding to pRb by generating three amino acid substitutions (Asp
21, Cys 24, Glu 26), thus reducing its transforming potential. The
resulting E7GGG protein can also increase its immunogenicity and
therapeutic efﬁcacy (Smahel et al., 2001). It has been shown that
vaccination with integrase defective lentiviral vector encoding an
E7GGG form of HPV16 E7 protein induced a potent and persistent
E7-speciﬁc T cell response (Grasso et al., 2013). It has been also
reported that the mutations in two zinc-binding motifs or pRbbinding sites can diminish the transformation ability of E7 protein
(Li et al., 2007).
Among other residues, Tyr residue at aa 23 is highly conserved among different papillomaviruses and mutation of these
residues result in considerably weaker pRb binding. Tyr residue
at aa 25 also participates in forming precise conformation of Rbbinding domain (Jones et al., 1990, 1992). Therefore, utilizing the
E6- and E7-expressing murine tumor cell line TC-1 as a model
of cervical carcinoma, for the ﬁrst time a modiﬁed E7 gene with
mutations in aa 23–25 was designed and constructed (Tyr-Cys-Tyr)
and the wild-type residues with glycine were substituted, then the
immunogenicity and antitumor immunity of DNA vaccine encoding
the resulting mutant in tumor mice model was evaluated.
Cell mediated immune response play an important role in antitumor immunity. It has been demonstrated that immunization with
plasmid encoding E7 gene activates CTL responses and induces
tumor protection in vivo (Ghaemi et al., 2011; Morrow et al., 2013).
In the present study, immunization with mutant E7 in LYCYE pRbbinding motif also elicited speciﬁc CTLs, which was demonstrated
by the fact that these CTLs lysed speciﬁcally target cells expressing E6 and E7. The similar CTL response of the mutant and wild E7
vaccines are likely due to the H-2Db RAHYNIVTF (49–57) epitope,
the only E7 CTL antigenic epitope described for the C57BL/6 mouse
(Santana et al., 2013). The lymphocyte proliferation and interferon
␥ assay shown in Figs. 3 and 4, in which the splenocytes are stimulated with the speciﬁc antigen, is showing approximately higher
response in the mice vaccinated with the mutant E7 than those
vaccinated with the wild type one.
The antitumor efﬁcacy of mutant E7 was also compared with
that of E7. During the tumor challenge experiment, E7-vaccinated
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mice rejected the TC-1 cell challenge, as observed previously
(Ghaemi et al., 2010), but mice treated with the mutant E7 had
reduced signiﬁcantly tumor volumes when compared to mice
treated with the wild E7 vaccine. The result demonstrated that
mutant E7 might induce stronger antitumor immune responses
than E7.
Although the precise mechanism by which DNA vaccine encoding mutant E7 exerts its antitumor effect is not yet fully understood,
current ﬁndings are highly suggestive that it may act by increasing
the level of cytotoxic T lymphocytes and lymphocyte proliferation,
inducing a shift in Th1/Th2 balance toward Th1-dominant, accompanied by the up-regulation of Th1-cytokine IFN-␥ and TNF-␤ and
down-regulation of Th3-cytokine TGF-␤ Indeed. TGF-␤, which is
abundantly secreted by regulatory T lymphocytes and tumor cells,
has been found to promote invasion and metastases for many cancers and impair tumor-speciﬁc T cells (Achyut and Yang, 2011).
The existence of regulatory T lymphocytes able to limit the immune
response in a speciﬁc form has been established, specially inhibiting
the proliferation and activity of CD4+ and CD8+ effector T lymphocytes (Lopez et al., 2006). The observations exhibit that reduction
of TGF-␤ levels downregulates regulatory T lymphocytes by the
mutant E7 vaccine and enhances antitumor activity.
In agreement with the present study, Radaelli et al., showed
enhanced immune response to recombinant fowlpox expressing the non-oncogenic HPV-16 E7GGG protein than its wild type
(Radaelli et al., 2012). Chen et al. also have found that de-oncogenic
versions of the E7 augmented the immunogenicity and antitumor
effects compared with wild-type E7 (Chen et al., 2014). It has been
shown that higher antigen presentations might stimulate stronger
CTL responses. Shi et al., showed that mutations in two zinc binding motifs of E7 leads to rapid degradation of the protein (Shi
et al., 1999) and other study has shown that an unstable protein
has greater potential to generate CTL responses than a stable one
(Zhang et al., 2004). Wong et al. found that targeting of antigens for
rapid proteasomal degradation could enhance their processing and
presentation in association with MHC class I (Wong et al., 2004).
These observations may explain in part the better protective effect
of mutant E7 in the present study.
In summary, the current results suggests that modiﬁed E7 gene
with mutations in aa 23–25 leads to the increased presentation
of E7, resulting to the enhancement of DNA vaccine potency by
generating stronger CD8+ T cell immune responses as well as more
potent therapeutic antitumor effects. Therefore, mutant E7 DNA
vaccine might be a promising novel therapeutic approach to control
HPV-16-associated tumor formation and to reduce cervical cancer.
Conﬂict of interest
All the authors have no conﬂicting interests.
Acknowledgments
The authors appreciate the ﬁnancial support of the Research
Deputy at Golestan Medical University Gorgan, Iran Grant No:
9011250224. This project was extracted from an MSc thesis.
References
Achyut, B.R., Yang, L., 2011. Transforming growth factor-beta in the gastrointestinal
and hepatic tumor microenvironment. Gastroenterology 141, 1167–1178.
Barbosa, M.S., Edmonds, C., Fisher, C., Schiller, J.T., Lowy, D.R., Vousden, K.H., 1990.
The region of the HPV E7 oncoprotein homologous to adenovirus E1a and Sv40
large T antigen contains separate domains for Rb binding and casein kinase II
phosphorylation. EMBO J. 9, 153–160.
Cassetti, M.C., McElhiney, S.P., Shahabi, V., Pullen, J.K., Le Poole, I.C., Eiben, G.L., Smith,
L.R., Kast, W.M., 2004. Antitumor efﬁcacy of Venezuelan equine encephalitis
virus replicon particles encoding mutated HPV16 E6 and E7 genes. Vaccine 22,
520–527.

17

Chen, S., Liao, C., Lai, Y., Fan, Y., Lu, G., Wang, H., Zhang, X., Lin, M.C., Leng, S., Kung,
H.F., 2014. De-oncogenic HPV E6/E7 vaccine gets enhanced antigenicity and
promotes tumoricidal synergy with cisplatin. Acta Biochim. Biophys. Sin. 46,
6–14.
Comerford, S.A., McCance, D.J., Dougan, G., Tite, J.P., 1991. Identiﬁcation of T- and
B-cell epitopes of the E7 protein of human papillomavirus type 16. J. Virol. 65,
4681–4690.
Cubie, H.A., 2013. Diseases associated with human papillomavirus infection. Virology 445, 21–34.
Eiben, G.L., da Silva, D.M., Fausch, S.C., Le Poole, I.C., Nishimura, M.I., Kast, W.M., 2003.
Cervical cancer vaccines: recent advances in HPV research. Viral Immunol. 16,
111–121.
Elfstrom, K.M., Herweijer, E., Sundstrom, K., Arnheim-Dahlstrom, L., 2014. Current
cervical cancer prevention strategies including cervical screening and prophylactic human papillomavirus vaccination: a review. Curr. Opin. Oncol. 26,
120–129.
Ghaemi, A., Soleimanjahi, H., Gill, P., Hassan, Z., Jahromi, S.R., Roohvand, F., 2010.
Recombinant lambda-phage nanobioparticles for tumor therapy in mice models.
Genet. Vaccines Ther. 8, 3.
Ghaemi, A., Soleimanjahi, H., Gill, P., Hassan, Z.M., Razeghi, S., Fazeli, M., Razavinikoo, S.M., 2011. Protection of mice by a lambda-based therapeutic vaccine
against cancer associated with human papillomavirus type 16. Intervirology 54,
105–112.
Ghittoni, R., Accardi, R., Hasan, U., Gheit, T., Sylla, B., Tommasino, M., 2010. The
biological properties of E6 and E7 oncoproteins from human papillomaviruses.
Virus Genes 40, 1–13.
Grasso, F., Negri, D.R., Mochi, S., Rossi, A., Cesolini, A., Giovannelli, A., Chiantore,
M.V., Leone, P., Giorgi, C., Cara, A., 2013. Successful therapeutic vaccination with
integrase defective lentiviral vector expressing nononcogenic human papillomavirus E7 protein. Int. J. Cancer 132, 335–344.
Hung, C.F., Monie, A., Alvarez, R.D., Wu, T.C., 2007. DNA vaccines for cervical cancer:
from bench to bedside. Exp. Mol. Med. 39, 679–689.
Jones, R.E., Heimbrook, D.C., Huber, H.E., Wegrzyn, R.J., Rotberg, N.S., Stauffer, K.J.,
Lumma, P.K., Garsky, V.M., Oliff, A., 1992. Speciﬁc N-methylations of HPV-16 E7
peptides alter binding to the retinoblastoma suppressor protein. J. Biol. Chem.
267, 908–912.
Jones, R.E., Wegrzyn, R.J., Patrick, D.R., Balishin, N.L., Vuocolo, G.A., Riemen, M.W.,
Defeo-Jones, D., Garsky, V.M., Heimbrook, D.C., Oliff, A., 1990. Identiﬁcation of
HPV-16 E7 peptides that are potent antagonists of E7 binding to the retinoblastoma suppressor protein. J. Biol. Chem. 265, 12782–12785.
Ledl, A., Schmidt, D., Muller, S., 2005. Viral oncoproteins E1A and E7 and cellular
LxCxE proteins repress SUMO modiﬁcation of the retinoblastoma tumor suppressor. Oncogene 24, 3810–3818.
Li, H., Ou, X., Xiong, J., 2007. Modiﬁed HPV16 E7/HSP70 DNA vaccine with high safety
and enhanced cellular immunity represses murine lung metastatic tumors
with downregulated expression of MHC class I molecules. Gynecol. Oncol. 104,
564–571.
Li, L., Saade, F., Petrovsky, N., 2012. The future of human DNA vaccines. J. Biotechnol.
162, 171–182.
Lopez, M., Aguilera, R., Perez, C., Mendoza-Naranjo, A., Pereda, C., Ramirez, M.,
Ferrada, C., Aguillon, J.C., Salazar-Onfray, F., 2006. The role of regulatory T lymphocytes in the induced immune response mediated by biological vaccines.
Immunobiology 211, 127–136.
Moniz, M., Ling, M., Hung, C.F., Wu, T.C., 2003. HPV DNA vaccines. Front. Biosci. 8,
d55–d68.
Morrow, M.P., Yan, J., Sardesai, N.Y., 2013. Human papillomavirus therapeutic vaccines: targeting viral antigens as immunotherapy for precancerous disease and
cancer. Exp. Rev. Vaccines 12, 271–283.
Munger, K., Basile, J.R., Duensing, S., Eichten, A., Gonzalez, S.L., Grace, M., Zacny, V.L.,
2001. Biological activities and molecular targets of the human papillomavirus
E7 oncoprotein. Oncogene 20, 7888–7898.
Narechania, A., Terai, M., Chen, Z., DeSalle, R., Burk, R.D., 2004. Lack of the canonical
pRB-binding domain in the E7 ORF of artiodactyl papillomaviruses is associated
with the development of ﬁbropapillomas. J. Gen. Virol. 85, 1243–1250.
Ohlschlager, P., Pes, M., Osen, W., Durst, M., Schneider, A., Gissmann, L., Kaufmann,
A.M., 2006. An improved rearranged Human Papillomavirus Type 16 E7 DNA vaccine candidate (HPV-16 E7SH) induces an E7 wildtype-speciﬁc T cell response.
Vaccine 24, 2880–2893.
Pang, C.L., Toh, S.Y., He, P., Teissier, S., Ben Khalifa, Y., Xue, Y., Thierry, F., 2013. A
functional interaction of E7 with B-Myb-MuvB complex promotes acute cooperative transcriptional activation of both S- and M-phase genes. (129 c). Oncogene,
http://dx.doi.org/10.1038/onc.2013.426.
Peng, S., Tomson, T.T., Trimble, C., He, L., Hung, C.F., Wu, T.C., 2006. A combination
of DNA vaccines targeting human papillomavirus type 16 E6 and E7 generates
potent antitumor effects. Gene Ther. 13, 257–265.
Radaelli, A., De Giuli Morghen, C., Zanotto, C., Pacchioni, S., Bissa, M., Franconi,
R., Massa, S., Paolini, F., Muller, A., Venuti, A., 2012. A prime/boost strategy by DNA/fowlpox recombinants expressing a mutant E7 protein for the
immunotherapy of HPV-associated cancers. Virus Res. 170, 44–52.
Santana, V.C., Diniz, M.O., Cariri, F.A., Ventura, A.M., Cunha-Neto, E., Almeida, R.R.,
Campos, M.A., Lima, G.K., Ferreira, L.C., 2013. Bicistronic DNA vaccines simultaneously encoding HIV, HSV and HPV antigens promote CD8(+) T cell responses
and protective immunity. PLoS ONE 8, e71322.
Sasagawa, T., Takagi, H., Makinoda, S., 2012. Immune responses against human papillomavirus (HPV) infection and evasion of host defense in cervical cancer. J. Infect.
Chemother. 18, 807–815.

18

A.A. Bahrami et al. / Journal of Virological Methods 206 (2014) 12–18

Shi, W., Bu, P., Liu, J., Polack, A., Fisher, S., Qiao, L., 1999. Human papillomavirus
type 16 E7 DNA vaccine: mutation in the open reading frame of E7 enhances
speciﬁc cytotoxic T-lymphocyte induction and antitumor activity. J. Virol. 73,
7877–7881.
Singh, M., Krajewski, M., Mikolajka, A., Holak, T.A., 2005. Molecular determinants
for the complex formation between the retinoblastoma protein and LXCXE
sequences. J. Biol. Chem. 280, 37868–37876.
Smahel, M., Sima, P., Ludvikova, V., Vonka, V., 2001. Modiﬁed HPV16 E7 genes
as DNA vaccine against E7-containing oncogenic cells. Virology 281, 231–
238.
Tomson, T.T., Roden, R.B., Wu, T.C., 2004. Human papillomavirus vaccines for the
prevention and treatment of cervical cancer. Curr. Opin. Investig. Drugs 5,
1247–1261.

Tran, N.P., Hung, C.F., Roden, R., Wu, T.C., 2014. Control of HPV infection and related
cancer through vaccination. Recent results in cancer research. Fortschritte der
Krebsforschung. Progres dans les recherches sur le cancer 193, 149–171.
Trottier, H., Burchell, A.N., 2009. Epidemiology of mucosal human papillomavirus
infection and associated diseases. Public Health Genomics 12, 291–307.
Wong, S.B., Buck, C.B., Shen, X., Siliciano, R.F., 2004. An evaluation of enforced
rapid proteasomal degradation as a means of enhancing vaccine-induced CTL
responses. J Immunol 173, 3073–3083.
Zhang, M., Ishii, K., Hisaeda, H., Murata, S., Chiba, T., Tanaka, K., Li, Y., Obata, C.,
Furue, M., Himeno, K., 2004. Ubiquitin-fusion degradation pathway plays an
indispensable role in naked DNA vaccination with a chimeric gene encoding a
syngeneic cytotoxic T lymphocyte epitope of melanocyte and green ﬂuorescent
protein. Immunology 112, 567–574.

