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Abstract
Human papillomaviruses (HPV)-16 and 18 are the most prevalent types associated with cervical cancer. HPV L1 and L2 
capsid proteins and E7 oncoprotein play crucial roles in HPV-related diseases. Hence, these proteins were proposed as target 
antigens for preventive and therapeutic vaccines. In this study, two multiepitope DNA-based HPV vaccine candidates were 
designed using in silico analysis including the immunogenic and conserved epitopes of HPV16/18 L1, L2 and E7 proteins 
(the L1-L2-E7 fusion DNA), and of heat shock protein 70 (HSP70) linked to the L1-L2-E7 DNA construct (the HSP70-L1-
L2-E7 fusion DNA). Next, the expression of the L1-L2-E7 and HSP70-L1-L2-E7 multiepitope DNA constructs was evaluated 
in a mammalian cell line. Finally, immunological responses and antitumor effects of the DNA constructs were investigated 
in C57BL/6 mice. Our data indicated high expression rates of the designed multiepitope L1-L2-E7 DNA (~ 56.16%) and 
HSP70-L1-L2-E7 DNA (~ 80.45%) constructs in vitro. The linkage of HSP70 epitopes to the L1-L2-E7 DNA construct 
significantly increased the gene expression. Moreover, the HSP70-L1-L2-E7 DNA construct could significantly increase 
immune responses toward Th1 response and CTL activity, and induce stronger antitumor effects in mouse model. Thus, the 
designed HSP70-L1-L2-E7 DNA construct represents promising results for development of HPV DNA vaccine candidates.
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Introduction

Infectious agents are responsible for 20–25% of all cancer 
cases in the world [1]. Among them, about 15% of human 
cancers were related to viral infections [2, 3]. For example, 
human papillomavirus (HPV) caused ~ 30% of all infectious 
agents-related cancers, and was associated with more than 
95% of cervical carcinomas [4–6]. The genome of HPV is 
divided into two main regions encoding early (E) and late 
(L) proteins. The early proteins regulate the viral DNA rep-
lication in the basal layer of epithelial cells, and the late 

proteins make viral capsid [7–9]. Among early proteins, E6 
and E7 oncoproteins are required for the initiation of HPV-
associated malignancies and are expressed in transformed 
cells. Therefore, HPV E6 and E7 oncoproteins serve as ideal 
targets for therapeutic HPV vaccines [10].

Among more than 200 recognized HPV genotypes, 
two high-risk HPV types such as HPV16 and HPV18 
have been recognized as the most prevalent types related 
to nearly 70% of cervical cancers and precancerous cervi-
cal lesions [11, 12]. Hence, considerable efforts have been 
made to control HPV-induced diseases using prophylactic 
or therapeutic approaches [13, 14]. Up to now, three pro-
phylactic HPV vaccines were FDA-approved based on viral 
like particles (VLPs) composed of L1 protein including 
Cervarix (bivalent HPV16/18 vaccine), Gardasil (quadriva-
lent HPV16/18/6/11 vaccine), and Gardasil-9 (nonavalent 
HPV16/18/31/33/45/52/58/30/40 vaccine) [15]. Although, 
these vaccines were effective only in subjects who were not 
previously exposed to HPV, but none of them did not show 
therapeutic effects on the established HPV infection and 
associated cancers. Furthermore, their high cost is a major 
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problem in low-income countries [16, 17]. Therefore, devel-
opment of strong and potent therapeutic vaccine is vital, as 
well.

Various types of therapeutic vaccines including live 
bacterial/viral vectors-, RNA/DNA-, protein/peptide- and 
cell-based vaccines have been tested to treat the HPV-asso-
ciated diseases [18–20]. For example, some vaccines have 
passed clinical trials including SGN-00101 protein vac-
cine (composed of heat shock protein fused to HPV16 E7), 
ZYC-101a DNA vaccine (composed of HPV16/18 E6 and 
E7), HPV16 L1-E7 chimeric VLP, TA-HPV (composed of 
recombinant vaccinia virus expressing E6 and E7), TA-CIN 
protein vaccine (composed of fusion E6-E7-L2 protein), and 
PC10VAC01 (composed of HPV16 E7 + adenylate cyclase) 
[21]. However, each vaccination approach indicated some 
benefits and limitations [18]. Thus, it is crucial to find the 
potent and safe strategies in developing therapeutic vaccine 
and enhancing their immunogenicity [22, 23].

Some studies reported the benefits of heat shock proteins 
(HSPs) as an adjuvant to increase the antitumor potency 
of vaccines. HSPs effectively stimulate both innate and 
adaptive immunity [24, 25]. Among various types of HSPs, 
HSP70 is a promising molecule because of its adjuvant 
activity to increase the antigen-specific immunity [24–29]. 
As known, immunoinformatics tools may assist scientists to 
predict high immunogenic and conserved epitopes, which 
induce B- or T-cell responses against HPV infection [20, 
30–35]. Moreover, linkage of antigens to HSPs provided a 
promising strategy to increase the efficiency of vaccine can-
didates [29, 36].

In current study, in silico approaches were used to design 
the multiepitope L1-L2-E7, and HSP70-L1-L2-E7 con-
structs as novel and potent vaccine candidates. The E7 pro-
tein was used alone or combined with other HPV proteins 
especially E6 protein for development of therapeutic clinical 
trials [21]. Herein, we used E7 protein along with L1 and 
L2 proteins for design of vaccine constructs. For in vitro 
assay, the expression of both multiepitope DNA constructs 
was studied in a mammalian cell line. Finally, the immuno-
logical and antitumor effects of both DNA constructs were 
investigated in C57BL/6 mice.

Materials and Methods

Materials

The restriction enzymes and DNA or protein ladder were 
purchased from Fermentas Company. DNA extraction kits 
were prepared from Qiagen Company. The cell culture 
medium, serum, antibiotic were purchased from Gibco or 
Biosera Company. The cell lines were provided from the cell 
bank at Pasteur Institute of Iran. The conjugated antibodies, 

cytokine and granzyme B assay kits were purchased from 
Sigma, Mabtech and eBioscience Company, respectively.

Immunoinformatics Analyses

Protein Sequences

The reference protein sequence of heat shock 70 kDa pro-
tein 1A (HspA1A; NP_005336.3) was obtained from the 
National Center for Biotechnology Information Database 
(NCBI) (http:// www. ncbi. nlm. nih. gov/). The reference 
HPV16/18 L1, L2, E7 protein sequences were previously 
determined from NCBI and UniProtKB/Swiss-Prot database, 
and used for bioinformatics analyses by our group [20, 33, 
34].

Plan of the Study

In order to determine the potential  CD8+ and  CD4+ T-cell 
epitopes, a two-step plan was designed (Figs. 1 and 2). 
Briefly, the first step included (a) Epitope prediction bound 
to MHC-I or MHC-II, (b) TAP transport/proteasomal cleav-
age analysis, (c) Immunogenicity, allergenicity and toxicity 
analyses, (d) Prediction of cytokine induction, (e) Population 
coverage, and (f) Protein-peptide docking analyses (Fig. 1). 
This step was previously performed for epitope prediction of 
HPV 16 & 18 L1, L2 and E7 proteins [20, 33, 34]. Herein, 
we determined the immunogenic and conserved epitopes of 
HSP70. In the second step, two multiepitope peptide con-
structs were designed and examined for physicochemical 
characteristics, protein solubility, B-cell epitope prediction, 
secondary and 3D structure modeling, refinement of 3D 
structure, validation of the refined 3D structure, and molecu-
lar docking between toll-like receptors and novel constructs 
(Fig. 2).

HLA Allele Frequency

The frequency of HLA supertypes and alleles was deter-
mined from allele frequency net database (AFND) (http:// 
www. allel efreq uenci es. net/).

T‑Cell Epitope Prediction

Determination of T-cell immunodominant epitopes was 
known as the most critical step for design of a multiepitope-
based vaccine candidate using immune-informatics tools 
[37, 38]. Herein, the design of the multiepitope construct 
harboring HLA-class I restricted cytotoxic T lymphocyte 
(CTL) epitopes and also HLA-class II restricted helper T 
lymphocyte (HTL) epitopes was performed as follows.

http://www.ncbi.nlm.nih.gov/
http://www.allelefrequencies.net/
http://www.allelefrequencies.net/
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MHC‑I Binding Prediction

Binding of MHC class I molecules to epitopes is followed 
by antigen presentation to CTLs. Herein, IEDB MHC-I 
prediction (http:// tools. iedb. org/ mhci/) and NetMHC-
pan4.1 (http:// www. cbs. dtu. dk/ servi ces/ NetMH Cpan/) 
web servers were applied to predict the binding of pep-
tides (8–11 residues) to MHC class I molecules (default 
thresholds: 0.5% and 2% for strong and weak binders, 
respectively) [39]. For prediction of T-cell epitopes of 
HSP70 bound to human and mouse MHC alleles, IEDB 
MHC-I prediction tool (IEDB recommended method) 
was applied, as well. Predictions were performed against 
H2-Db, H2-Dd, H2-Kb, H2-Kd, H2-Kk, H2-Ld, H2-Qa1 
and H2-Qa2 MHC-I mouse alleles.

MHC‑II Binding Prediction

Binding of MHC class II molecules to epitopes is critical 
for the HTL activation [40]. IEDB MHC-II binding predic-
tion tool (http:// tools. iedb. org/ mhcii/; IEDB recommended 
method) and NetMHCIIpan 4.0 web server (http:// www. cbs. 
dtu. dk/ servi ces/ NetMH CIIpan; default thresholds: 2% and 
10% for strong and weak binders, respectively) were applied 
to predict the binding of peptides to MHC-II molecules.

TAP Transport/Proteasomal Cleavage Analysis

The best ranked peptides obtained from IEDB, NetMH-
Cpan4.1, and NetMHCIIpan databases were employed in 
transporter associated with antigen presentation (TAP), 

Fig. 1  The first step of in silico 
analysis

http://tools.iedb.org/mhci/
http://www.cbs.dtu.dk/services/NetMHCpan/
http://tools.iedb.org/mhcii/
http://www.cbs.dtu.dk/services/NetMHCIIpan
http://www.cbs.dtu.dk/services/NetMHCIIpan
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and proteasomal cleavage analyses. Herein, IEDB tool 
(http:// tools. iedb. org/ proce ssing/) and NetCTL1.2 server 
(http:// www. cbs. dtu. dk/ servi ces/ NetCTL/) were utilized to 
predict antigen processing in MHC-I presentation pathway. 
The higher TAP score shows the higher transport rate [41, 
42].

MHC‑I Immunogenicity Prediction

The IEDB web server (http:// tools. iedb. org/ immun ogeni 
city/) [43] was applied to determine the MHC-I immuno-
genicity of the predicted epitopes.

Allergenicity and Toxicity Analyses

An efficient, potent and safe vaccine candidate is not allergic. 
Herein, the allergenicity and toxicity of the selected epitopes 
were analyzed by AlgPred server (https:// webs. iiitd. edu. in/ 
ragha va/ algpr ed/) [44] and ToxinPred web server (https:// 
webs. iiitd. edu. in/ ragha va/ toxin pred/) [45], respectively.

Cytokine Induction‑Based Prediction

The chosen epitopes were submitted to evaluate whether 
they can stimulate Interleukine-10 (IL-10), Interleukine-4 
(IL-4), and IFN-gamma using (https:// webs. iiitd. edu. in/ 
ragha va/ il10p red/), (https:// webs. iiitd. edu. in/ ragha va/ il4pr 
ed/), and (https:// webs. iiitd. edu. in/ ragha va/ ifnep itope/) web 
servers, respectively [46–48].

Population Coverage

Selection of the multiple peptides with different HLA 
binding specificities will increase the population cover-
age targeted by peptide-based vaccines [49]. Population 
coverage for each epitope and its binding to HLA alleles in 
various geographic areas were analyzed by IEDB popula-
tion coverage tool (http:// tools. iedb. org/ popul ation/).

MHC‑Peptide Docking

The peptide-protein (e.g., peptide-MHC) interaction is the 
major goal of computational docking [50]. For prediction 
of 3D MHC-peptide complex structures, both human and 
mouse MHC alleles were considered using GalaxyPep-
Dock server (http:// galaxy. seokl ab. org/ cgi- bin/ submit. 
cgi? type= PEPDO CK) based on interaction similarity and 
energy optimization [51]. The RCSB PDB server (https:// 
www. rcsb. org/) was used to access the available PDB files 
of HLA alleles.

Construct Design

For design of the multiepitope peptide constructs, immu-
noinformatics tools were utilized to select novel immuno-
dominant T-cell epitopes. The selected T-cell epitopes of 
HPV16/18 L1, L2 & E7 proteins [20, 33, 34] were used 
to design a novel construct fused by AAY linker (the 
L1-L2-E7 fusion multiepitope peptide construct; Fig. 3A). 
In addition, the immunodominant T-cell epitopes of 
HSP70 were linked to the L1-L2-E7 construct for design 
of the second multiepitope peptide construct (the HSP70-
L1-L2-E7 multiepitope construct; Fig. 3B). The HSP70 
epitopes as an immune stimulating agent can enhance the 
immunogenicity of vaccine construct.

B‑Cell Epitope Prediction

An effective multiepitope-based vaccine candidate should 
possess a favorite secondary structure for induction of the 
peptide-specific humoral response, as well [52]. Thus, 
both constructs were applied to predict B-cell epitopes 
using IEDB Bepipred Linear Epitope Prediction (http:// 
tools. iedb. org/ bcell/) [53].

Physicochemical Properties

Various physicochemical properties and the solubility of 
two constructs were predicted by ProtParam server tools 

Fig. 2  The second step of in silico analysis

http://tools.iedb.org/processing/
http://www.cbs.dtu.dk/services/NetCTL/
http://tools.iedb.org/immunogenicity/
http://tools.iedb.org/immunogenicity/
https://webs.iiitd.edu.in/raghava/algpred/
https://webs.iiitd.edu.in/raghava/algpred/
https://webs.iiitd.edu.in/raghava/toxinpred/
https://webs.iiitd.edu.in/raghava/toxinpred/
https://webs.iiitd.edu.in/raghava/il10pred/
https://webs.iiitd.edu.in/raghava/il10pred/
https://webs.iiitd.edu.in/raghava/il4pred/
https://webs.iiitd.edu.in/raghava/il4pred/
https://webs.iiitd.edu.in/raghava/ifnepitope/
http://tools.iedb.org/population/
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=PEPDOCK
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=PEPDOCK
https://www.rcsb.org/
https://www.rcsb.org/
http://tools.iedb.org/bcell/
http://tools.iedb.org/bcell/
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[54] and protein-sol (https:// prote in- sol. manch ester. ac. uk/) 
web server, respectively.

Modeling the Secondary Structure

The secondary structures of both constructs were predicted 
by Predict Secondary Structure (PSIPRED) (http:// bioinf. 
cs. ucl. ac. uk/ psipr ed/) and RaptorX (http:// rapto rx. uchic 
ago. edu/ Struc tureP roper tyPred/ predi ct/) servers. RaptorX 
Property web server predicts the secondary structure using 
DeepCNF machine learning model [55].

Modeling, Refinement and Validation of 3D 
Structures

The tertiary structures of both constructs were predicted 
by Iterative Threading ASSEmbly Refinement (I-TASSER) 
server (https:// zhang lab. ccmb. med. umich. edu/I- TASSER/) 
[56]. Then, the refinement of Top 3D structure model 
determined from I-TASSER was done using GalaxyRefine 

Server (http:// galaxy. seokl ab. org/ cgi- bin/ submit. cgi? type= 
REFINE) based on molecular dynamics simulation [57, 
58]. Finally, validation and selection of the best models 
of a refined structure were analyzed by ERRAT server 
(https:// servi cesn. mbi. ucla. edu/ ERRAT/) [59].

Molecular Docking Between the Multiepitope 
Constructs and Toll‑Like Receptors

Molecular docking between the multiepitope peptide con-
structs and various toll-like receptors (TLRs) was done 
to predict the possible binding orientation of the multi-
epitope constructs using ClusPro 2.0 (https:// clusp ro. bu. 
edu) [60]. For protein–protein docking, the final refined 
tertiary structures of the designed vaccine constructs were 
submitted as ligands [61, 62]. Additionally, the PDB files 
of TLRs were received from RCSB at https:// www. rcsb. 
org.

Fig. 3  Schematic diagram of the designed L1-L2-E7 (A) and HSP70-L1-L2-E7 (B) multiepitope peptide constructs after in silico studies: pink 
box: CTL epitopes, green box: HTL epitopes, and the alanine-alanine–tyrosine (AAY) peptide as a linker

Fig. 4  The HSP70-L1-L2-E7 multiepitope peptide construct: this construct was reversely translated to DNA for in vitro and in vivo studies

https://protein-sol.manchester.ac.uk/
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
http://raptorx.uchicago.edu/StructurePropertyPred/predict/
http://raptorx.uchicago.edu/StructurePropertyPred/predict/
https://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
http://galaxy.seoklab.org/cgi-bin/submit.cgi?type=REFINE
https://servicesn.mbi.ucla.edu/ERRAT/
https://cluspro.bu.edu
https://cluspro.bu.edu
https://www.rcsb.org
https://www.rcsb.org
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In Vitro Analysis

Preparation of the HSP70‑L1‑L2‑E7 DNA Fusion Construct

At first, a general multiepitope peptide construct was 
designed as shown in Fig. 4. Then, the nucleotide sequence 
of HSP70-L1-L2-E7 was retrieved by amino acid reverse 
translation tool (http:// www. bioin forma tics. org/ sms2/ rev_ 
trans. html), and the restriction enzyme sites were deter-
mined for cloning process. Next, the HSP70-L1-L2-E7 DNA 
construct was synthesized in pUC57 cloning vector by Bio 
Magic Gene Company. After that, the L1-L2-E7 and HSP70-
L1-L2-E7 genes were subcloned into the BglII/HindIII and 
XhoI/HindIII cloning sites of the pEGFP-N1 eukaryotic 
expression vector, respectively for in vitro studies. In gen-
eral, the cloning step included digestion of vector and the 
target gene with the restriction enzymes, gel extraction of 
the linearized vector and the insert, ligation of the insert 
and vector by T4 DNA ligase (Fermentas), transformation 
of the ligation product in E. coli DH5α strain, and extraction 
and confirmation of the recombinant plasmid. Moreover, 
the L1-L2-E7 and HSP70-L1-L2-E7 genes were subcloned 
into the EcoRI/HindIII and BamHI/HindIII cloning sites of 
the pcDNA3.1 (-) eukaryotic expression vector (cytomeg-
alovirus “CMV” promoter), respectively for in vivo stud-
ies. Finally, the recombinant endotoxin-free plasmids (i.e., 
pEGFP-L1-L2-E7, pEGFP-HSP70-L1-L2-E7, pcDNA-L1-
L2-E7, and pcDNA-HSP70-L1-L2-E7) were prepared using 
a Maxi-Kit DNA extraction (Qiagen). Their concentration 
and purity were revealed by NanoDrop spectrophotometry.

In Vitro Expression of the L1‑L2‑E7 and HSP70‑L1‑L2‑E7 
DNA Constructs in Mammalian Cells

Human embryonic kidney 293T (HEK-293T) cells were cul-
tured in RPMI 1640 medium (Gibco), supplemented with 
10% FBS (Fetal Bovine Serum; Biosera, France), 1% Pen-
strep (Sigma, Germany) at 37 °C and 5%  CO2 in a 24-well 
plate. When the confluency of the cells reached approxi-
mately 80%, the cells were transfected with the TurboFect-
plasmid DNA complexes. Herein, 2 μL of TurboFect (Termo 
Scientifc) and 1 μg of pEGFP-L1-L2-E7, pEGFP-HSP70-
L1-L2-E7 or pEGFP-N1 (as a positive control) were mixed 
and incubated for 20 min at room temperature to form the 

TurboFect-plasmid DNA complexes. The expression of DNA 
constructs was analyzed at 48 h after transfection using flow 
cytometry, fluorescent microscopy, and Western blotting. In 
Western blotting, the anti-GFP polyclonal antibody (1:5000 
v/v; Abcam), and 3,3′-diaminobenzidine (DAB, Sigma) 
substrate were used to recognize the expressed proteins, and 
detect the immunoreactive protein bands, respectively.

In Vivo Studies

The Synthesis of Peptide Constructs

For immunological assay, two multiepitope peptide con-
structs (L1-L2-E7, and HSP70-L1-L2-E7, Fig. 3) were syn-
thesized by BioMatik Company.

Immunization of Mice

Four groups of eight female C57BL/6 mice (maintained at 
Pasteur Institute of Iran under specific pathogen-free condi-
tions) were injected on days 0, 14, and 28 with the plasmid 
DNA (pcDNA-L1-L2-E7 or pcDNA-HSP70-L1-L2-E7: G1 
or G2; 50 μg) subcutaneously at the right footpad (Table 1). 
The control groups (G3 and G4) were injected with 
pcDNA3.1 and PBS, respectively. The animal experimental 
procedures were approved by Animal Care and Use Com-
mittee of Islamic Azad University-Science and Research 
Branch, and performed according to the Animal Experi-
mentation Regulations of Islamic Azad University for sci-
entific purposes (Ethics code: IR.IAU.SRB.REC.1398.208; 
Approval date: 2020-02-22).

Monitoring Tumor Growth

For in vivo preventive test, vaccinated mice with different 
regimens were subcutaneously challenged in the right flank 
with 1 ×  105 HPV16-expressing C3 tumor cells, 3 weeks 
after the third injection. Tumor cell line C3 was generated 
by transfection of mouse embryonic cells with the complete 
HPV genome and maintained as previously described [63]. 
Tumor growth and the percentage of tumor-free mice were 
assessed twice a week by palpation for 65 days after C3 
challenge. At each time point, tumor volume was calculated 
using the formula: V = (a2b)/2 (a: width, b: length).

Table 1  Mice immunization 
program

Groups First injection
(Prime: day 0)

Second injection
(Booster 1: day 14)

Third injection
(Booster 2: day 28)

G1 pcDNA-L1-L2-E7 pcDNA-L1-L2-E7 pcDNA-L1-L2-E7
G2 pcDNA-HSP70-L1-L2-E7 pcDNA-HSP70-L1-L2-E7 pcDNA-HSP70-L1-L2-E7
G3 (control) pcDNA3.1

(empty vector)
pcDNA3.1
(empty vector)

pcDNA3.1
(empty vector)

G4 (control) PBS PBS PBS

http://www.bioinformatics.org/sms2/rev_trans.html
http://www.bioinformatics.org/sms2/rev_trans.html
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Antibody Assay

The mice sera were prepared from each group 3 weeks after 
the third injection. The levels of goat anti-mouse immu-
noglobulin G1 (IgG1), IgG2a and total IgG antibodies 
(1:10,000 v/v, Sigma) were assessed in the pooled sera of 
each group (1:100 v/v) using indirect ELISA. The coated 
antigens were the HSP70-L1-L2-E7, and L1-L2-E7 syn-
thetic peptides (5 μg/mL).

Cytokine Assay

Three weeks after the last injection, the red blood cell-
depleted pooled splenocytes (2 ×  106 cells/mL) of three mice 
from each group were cultured in 48-well plates for 72 h in 
the presence of 5 μg/mL of the L1-L2-E7 or HSP70-L1-
L2-E7 peptides, negative control (RPMI 5%), and positive 
control (Concanavalin A: 5 μg/mL). The secretion of IFN-γ, 
IL-4 and IL-10 was assessed in the supernatants using the 
sandwich ELISA kit (Mabtech Swedish Biotech Co.). The 
results were shown as mean ± SD for each group.

Granzyme B Assay (In Vitro CTL Activity)

The P815 target cells (T: 2 ×  104 cells/well) were incubated 
with the L1-L2-E7 or HSP70-L1-L2-E7 peptides (~ 30 μg/
mL) for 24 h. Then, the effector cells (E: the red blood cell-
depleted pooled splenocytes) were added to the target cells 
at T/E ratio of 1/100, and incubated for 6 h. Finally, the 
concentration of Granzyme B (GrB) was assessed in the 
supernatants using ELISA (eBioscience kit).

Therapeutic Effects

For therapeutic tests of the established C3 tumors, four 
groups of five female C57BL/6 mice (similar to Table 1) 
were considered. Briefly, five mice in each group were sub-
cutaneously injected with 1 ×  105 C3 tumor cells, and then 1 
week after tumor challenge, mice received various regimens 
(Table 1, the dose of DNA constructs: 50 μg) three times 
with a 2-week interval. Finally, tumor growth was detected 
two times a week for 65 days.

Statistical Analysis

Statistical analysis was done by Prism 7.0 software (Graph-
Pad) using one-way ANOVA and Student’s t-test. The per-
centage of tumor-free mice (or survival rate) was determined 
by the log-rank test. The p-value < 0.05 was statistically 
considered significant. The experiments were independently 
performed twice.

Results

In Silico Studies

T‑Cell Epitope Prediction

T-cell epitope prediction for the HPV16/18 L1, L2 and E7 
proteins was previously done by our group [20, 33, 34]. In 
this study, the best epitopes were used to design of a fusion 
construct (L1-L2-E7) for in silico, in vitro and in vivo anal-
yses. Moreover, HSP70 (HspA1A: NP_005336.3) protein 
sequence was analyzed to identify the most putative immu-
nogenic and conserved regions. The peptides derived from 
HSP70 were selected based on the strongest binding affinity 
to human and mouse MHC class I and II alleles. The pre-
dicted MHC-I and MHC-II epitopes are listed in Tables 2 
and 3.

TAP Transport/Proteasomal Cleavage

TAP transport efficiency and proteasomal cleavage scores 
were previously determined for L1, L2 and E7 proteins [20, 
33, 34]. Herein, HSP70 113FYPEEISSMVLTKM126 and 
285SLFEGIDFYTSITR298 epitopes had the highest epitope 
identification scores as shown in Table 4.

Immunogenicity, Toxicity and Allergenicity Analyses

Immunogenicity, toxicity and allergenicity for the L1, L2 
and E7 epitopes of HPV types 16 and 18 were analyzed 
in our previous studies [20, 33, 34]. Herein, these analyses 
were performed for the selected Hsp70 epitopes as shown 
in Table 5. As observed, these peptides were non-allergen 
and non-toxic.

Cytokine Analysis

The MHC class II binding epitopes of HPV16/18 L1, L2 and 
E7 proteins as well as HSP70 were analyzed for the possible 
induction of IFN-γ, IL-10 and IL-4 cytokines. The higher 
rates showed more potent epitopes for inducing cytokines 
as shown in Table 6. For instance, all candidate epitopes 
of HPV16/18 L1, L2 and E7 proteins and HSP70 induced 
IFN-γ cytokine.

Population Coverage Analysis

In our previous study, population coverage was calculated 
for the selected HPV16/18 L1, L2 and E7 epitopes [20, 33, 
34]. Herein, the highest population coverage was deter-
mined for HSP70 epitopes in different area. The rates were 
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88.39% and 81.19% for CTL epitopes of  HSP70285–298 and 
 HSP70113–126, and 21.86% and 45.07% for HTL epitopes of 
 HSP168–182 and  HSP70389–403, respectively in the world’s 
population (Table 7).

Molecular Docking

The human and mouse MHC alleles used for molecular 
docking against the selected HSP70 peptides are shown 
in Table 8. Moreover, the interaction similarity scores 

Table 2  The selected CTL epitopes of HSP70 protein based on binding affinity

Epitope sequence Position Human alleles Mouse alleles

Top alleles IEDB average rank NetMHCIpan
average rank

Top alleles IEDB average rank

FYPEEISSMVLTKM 113–126 HLA-A2402 2.20684 1.84686 H2-Db 2.0006
HLA-A2601 H2-Dd
HLA-B1402 H2-Kb
HLA-B5101 H2-Kd
HLA-B0702 H2-Kk
HLA-B3901 H2-Ld
HLA-B4001 H2-Qa1
HLA-B3501 H2-Qa2
HLA-B5101
HLA-B*55:01
HLA-B*41:01
HLA-B*50:01
HLA-B*49:01
HLA-A1101
HLA-A6801
HLA-B1801
HLA-B4402
HLA-A0301
HLA-B5801

SLFEGIDFYTSITR 285–298 HLA-A0101 2.33934 2.1318 H2-Db 2.31923
HLA-A0301 H2-Dd
HLA-A2601 H2-Kb
HLA-B1501 H2-Kd
HLA-A1101 H2-Kk
HLA-B3501 H2-Ld
HLA-B*13:01 H2-Qa1
HLA-A0201 H2-Qa2
HLA-B4001
HLA-B1801
HLA-B4402
HLA-B*41:01
HLA-B*50:01
HLA-B*52:01
HLA-B*49:01
HLA-B*55:01
HLA-A6801
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of human and mouse MHC-I/MHC-II alleles were deter-
mined for HSP70 epitopes as shown in Tables 9, 10, 11, 
12. Figures 5 and 6 are successful examples of molecular 
MHC-peptide docking between the selected peptides and 
human/mouse MHC-I and MHC-II alleles, respectively. 
These analyses were performed for HPV16/18 L1, L2 and 
E7 epitopes in our previous study [20, 33, 34].

Construct Design

The selected CTL epitopes include HPV16 L1 (12YLP-
PVPVSKV21), HPV16 L2 (11KRASATQLYK20), HPV16 
E7 (216GQAEPDRAHYNIVTF230), HPV18 L1 (461DQY-
PLGRKFLV471), HPV18 L2 (11KRASVTDLYK20), HPV18 
E7 (78SSADDLRAFQQLFL91), HSP70 (113FYPEEISSM-
VLTKM126), and HSP70 (285SLFEGIDFYTSITR298). The 

Table 3  The selected HTL 
epitopes of HSP70 protein 
based on binding affinity

Epitope sequence Position No. of alleles Top alleles IEDB average rank NetMHCII
average rank

NVLRIINEPTAAAIA 168–182 4 HLA-DRB1*04:01 2.2 1.75
HLA-DRB1*04:04
HLA-DRB1*14:01
HLA-DRB1*14:02

QDLLLLDVAPLSLGL 389–403 7 HLA-DRB1*03:01 3.01714 3.45714
HLA-DRB1*04:01
HLA-DRB1*04:04
HLA-DRB1*04:05
HLA-DRB1*13:02
HLA-DRB1*14:01
HLA-DRB1*14:02

Table 4  Antigen processing for HSP70 epitopes with two servers

Epitope Position NetCTL 1.2 server IEDB server

C terminal cleav-
age affinity

TAP transport 
efficiency

Com (predic-
tion score)

Proteasome 
score

Tap score Processing score

FYPEEISSMVLTKM 113–126 0.918 0.457 0.3873 0.88 0.1 0.98
0.9698 − 0.259 0.4669 0.92 0.19 1.03
0.8997 0.143 0.3328 0.88 − 0.09 1.78
0.1182 − 1.121 0.2161 0.92 0.28 0.83
0.8499 0.218 0.5144 1.59 0.79
0.9134 0.197 0.4833

SLFEGIDFYTSITR 285–295 0.8963 3.107 0.9836 1.3 1.33 2.63
0.1283 − 0.624 0.2191 0.78 − 0.25 0.53
0.0987 − 2.591 0.1218 1.13 1.16 2.29
0.8809 0.028 0.3597 1.21 0.11 1.32
0.43 − 1.099 0.4165 1.14 − 1.1 0.04
0.8294 1.282 0.401

Table 5  Immunogenicity, 
toxicity and allergenicity of the 
selected HSP70 epitopes

Epitope sequence Position MHCI immuno-
genicity

Toxicity Allergenicity

Prediction Score

FYPEEISSMVLTKM 113–126 − 0.23243 Non-Toxic − 0.72 Non-allergen
SLFEGIDFYTSITR 285–298 0.45042 Non-Toxic − 1.43 Non-allergen
NVLRIINEPTAAAIA 168–182 – Non-Toxic − 1.38 Non-allergen
QDLLLLDVAPLSLGL 389–403 – Non-Toxic − 1.53 Non-allergen
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selected HTL epitopes contain HPV16 L1 (416DTYRY-
VQSQAITCQK430), HPV16 L2 (281PDFLDIVALHRPAL-
TSR297), HPV18 L1 (8DNTVYLPPPSVARVV22), HPV18 
L2 (274SDFMDIIRLHRPALTSR290), HSP70 (168NVLRI-
INEPTAAAIA182), and (389QDLLLLDVAPLSLGL403). 
These top-ranked epitopes were fused by AAY linker for 
design of the L1-L2-E7 and HSP70-L1-L2-E7 multiepitope 
peptide constructs (Fig. 3).

B‑Cell Epitope Prediction

The sequences and position of the predicted B-cell epitopes 
are shown in Fig. 7 and Table 13. These regions had the 
ability to induce antibody.

Physicochemical Characteristics

Various physicochemical properties of the L1-L2-E7 and 
HSP70-L1-L2-E7 constructs were determined by Prot-
Param tool as shown in Table 14. Our results indicated 
that the L1-L2-E7 and HSP70-L1-L2-E7 multiepitope 

peptides had molecular weight (MW) of about 19.5 kDa 
and 28.5 kDa, respectively. Moreover, the L1-L2-E7 and 
HSP70-L1-L2-E7 multiepitope peptides were unstable 
with the instability index (II) of 41.53 and 43.63 (i.e., a 
value more than 40 means that the protein is not stable 
[64]), and also were less soluble with the probability of 
0.376 and 0.301, respectively.

Secondary Structure Modeling

The secondary structure prediction of the L1-L2-E7 and 
HSP70-L1-L2-E7 multiepitope peptide constructs was 
done by PSIPRED and RaptorX servers as shown in Fig. 8. 
The secondary structure for the L1-L2-E7 construct was 
composed of 42% α-helix, 6% β-sheet, 51% coil, and 5% 
disordered. The secondary structure for the HSP70-L1-L2-
E7 construct was composed of 43% α-helix, 17% β-sheet, 
38% coil, and 3% disordered. Linkage of HSP70 epitopes 
changed the rates of β-sheet and coil secondary structures.

Table 6  IFN-γ, IL-10 and IL-4 inducing scores of the selected HPV16/18 L1, L2, E7 and HSP70 epitopes

*Higher rates show more potent epitopes for inducing cytokines

Protein Epitope sequence
(position)

Interferon-gamma IL-10 IL-4

Result Score Prediction Score Prediction Score

HSP70 NVLRIINEPTAAAIA
(168–182)

POSITIVE 0.51194207* IL10 inducer 0.849554409919* Non IL4 inducer − 0.01

HSP70 QDLLLLDVAPLSLGL
(389–403)

POSITIVE 0.48938682 IL10 inducer 0.860154883862* Non IL4 inducer 0.03

HSP70 FYPEEISSMVLTKM
(113–126)

POSITIVE 0.48602662 IL10 non-inducer .0716812685963 IL4 inducer 0.39*

HSP70 SLFEGIDFYTSITR
(285–298)

POSITIVE 0.50033371 IL10 non-inducer 0.227316143198 IL4 inducer 0.40*

L1
Type16

YLPPVPVSKV
(12–21)

POSITIVE 0.47010774 IL10 non-inducer − 0.520456297282 Non IL4 inducer 0.13

L1
Type16

DTYRYVQSQAITCQK
(416–430)

POSITIVE 0.45664992 IL10 inducer 0.571853145342 IL4 inducer 0.30*

L1
Type18

DQYPLGRKFLV
(461–471)

POSITIVE 0.48269566 IL10 inducer 0.345065735571 IL4 inducer 0.28

L1
Type18

DNTVYLPPPSVARVV
(8–22)

POSITIVE 0.51973472* IL10 non-inducer − 0.0234413499761 Non IL4 inducer 0.16

L2
Type16

KRASATQLYK
(11–20)

POSITIVE 0.45691381 IL10 non-inducer − 0.0202630039221 Non IL4 inducer − 0.12

L2
Type16

PDFLDIVALHRPALTSR
(281–297)

POSITIVE 0.49419964 IL10 non-inducer − 0.0331455097738 Non IL4 inducer 0.13

L2
Type18

KRASVTDLYK
(11–20)

POSITIVE 0.44888752 IL10 non-inducer − 0.330667977025 Non IL4 inducer 0.12

L2
Type18

SDFMDIIRLHRPALTSR
(274–290)

POSITIVE 0.56231739* IL10 non-inducer 0.223762693932 IL4 inducer 0.38*

E7
Type16

GQAEPDRAHYNIVTF
(216–230)

POSITIVE 0.45394927 IL10 non-inducer 0.296398886442 IL4 inducer 0.40*

E7
Type18

SSADDLRAFQQLFL
(78–91)

POSITIVE 0.4714869 IL10 non-inducer 0.206064727887 Non IL4 inducer − 0.25
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3D Structure Prediction, Refinement and Validation

The assurance of each 3D model predicted by I-TASSER was 
calculated using C-score that is commonly in the range of − 5 
to 2. A higher value of C-score shows a higher confidence for 
a model. The C-scores of the best model for the L1-L2-E7 

and HSP70-L1-L2-E7 multiepitope peptides were − 3.66 and 
− 2.72, respectively. Figure 9 indicates the tertiary structures 
of the predicted L1-L2-E7 and HSP70-L1-L2-E7 constructs. 
The top model of each construct was refined by GalaxyRefine 
server. Then, the top refined model was validated by ERRAT 
server. Our results showed that the quality of 3D structure was 

Table 7  Population  
coverage for the  
selected epitopes of  
HSP70 protein

Area Population coverage
HSP70-CLASSI

Population coverage
HSP70-CLASSII

FYPEEISSMVLTKM
(113–126)

SLFEGIDFYTSITR
(285–298)

NVLRIINEPTAAAIA
(168–182)

QDLLLLDVAPLSLGL
(389–403)

Central Africa 57.42% 53.45% 4.19% 34.68%
Central America 3.37% 1.99% 25.37% 32.8%
East Africa 53.32% 55.57% 3.37% 31.94%
East Asia 85.01% 75.68% 11.61% 43.33%
Europe 87.76% 95.13% 20.75% 45.38%
Iran 78.76% 83.9% 8.69% 30.93%
North Africa 71.27% 75.45% 8.49% 43.39%
North America 82.71% 87.04% 27.12% 52.39%
Northeast Asia 79.34% 79.08% 14.09% 28.38%
Oceania 85.14% 75.38% 11.76% 24.15%
South Africa 55.96% 53.35% 1.89% 30.61%
South America 63.21% 61.26% 26.51% 38.04%
South Asia 5.96% 76.12% 13.59% 32.62%
Southeast Asia 86.93% 75.8% 14.3% 31.09%
Southwest Asia 73.34% 78.42% 8.51% 23.46%
West Africa 66.44% 66.63% 5.78% 34.47%
West Indies 84.36% 83.37% 6.99% 24.51%
World 81.19% 88.39% 21.86% 45.07%
Average 70.64% 70.33 13.7 34.85

Table 8  Human and mouse 
MHC alleles used for molecular 
docking analysis against the 
selected peptides

Human alleles Mouse alleles

MHC-I MHC-II MHC-I MHC-II

Allele PDB Allele PDB Allele PDB Allele PDB

HLA-A*02:01 4UQ3 HLA-DRB1*01:01 4AH2 H-2-Ld 1LDP H-2-IAb 4P23
HLA-A*24:02 5HGA HLA-DRB1*03:01 2Q6W H-2-Kd 5GSV H-2-IAd 2IAD
HLA-A*01:01 4NQV HLA-DRB1*04:01 5LAX H-2-Kb 4PV9
HLA-A*03:01 3RL2 HLA-DRB5*01:01 1FV1 H-2-Kk 1ZTV
HLA-A*11:01 1X7Q HLA-DRB1*11:01 5JLZ H-2-Dd 5IVX
HLA-B*07:02 5EO1 HLA-DRB1*15:01 5V4M H-2-Db 1JUF
HLA-B*08:01 3SPV
HLA-B*27:05 1OGT
HLA-B*35:01 3LKN
HLA-B*51:01 1E27
HLA-B*39:01 4O2C
HLA-B*58:01 5IND
HLA-A*30:01 6J1W
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Table 10  Human MHC-II-peptide docking scores of the selected HTL epitopes

TM*: Protein structure similarity (TM-score), IS**: Interaction similarity score

Epitope Position model DRB1–0101 DRB1–0301 DRB1–0401 DRB1–1101 DRB1–1501 DRB5–0101

TM* IS** TM* IS** TM* IS** TM* IS** TM* IS** TM* IS**

NVLRIINEPTAAAIA 168–182 1 0.963 145 1 115 0.988 122 0.988 122 0.987 122 1 118
2 0.967 133 0.977 122 0.972 116 0.97 116 0.98 116 0.985 122
3 0.971 129 0.962 116 0.988 107 0.989 107 0.99 107 0.975 116
4 0.988 122 0.978 107 0.983 107 0.991 100 0.993 101 0.99 107
5 0.976 125 0.98 100 0.99 101 0.986 101 0.992 100 0.987 100
6 0.981 116 0.977 101 0.982 104 0.989 96 0.956 111 0.982 101
7 0.975 115 0.982 96 0.991 100 0.986 96 0.994 96 0.974 102
8 0.991 107 0.978 96 0.989 96 0.983 97 0.989 96 0.989 96
9 0.994 101 0.979 90 0.988 96 0.994 90 0.978 98 0.984 96
10 0.993 100 0.965 91 0.994 90 0.983 91 0.961 103 0.956 105

QDLLLLDVAPLSLGL 389–403 1 0.963 158 1 137 0.982 127 0.994 121 0.956 134 0.992 11
2 0.971 150 1 137 0.986 124 0.983 120 0.988 121 0.956 128
3 0.976 148 1 137 0.994 121 0.987 116 0.987 111 0.974 118
4 0.967 141 0.979 121 0.983 120 0.988 111 0.961 120 0.985 111
5 0.975 133 0.979 121 0.988 111 0.988 110 0.978 110 0.99 105
6 0.994 121 0.979 121 0.988 111 0.983 110 0.99 105 0.967 109
7 0.961 127 0.977 111 0.988 105 0.989 105 0.978 109 0.942 118
8 0.988 111 0.977 111 0.98 103 0.986 98 0.951 119 1 94
9 0.969 117 0.978 105 0.981 102 0.99 96 0.951 119 0.993 96
10 0.975 114 0.978 105 0.99 98 0.97 102 0.993 98 0.975 102

Table 11  Mouse MHC-I peptide docking scores of the selected CTL epitopes

TM*: Protein structure similarity (TM-score), IS**: Interaction similarity score

Epitope Position model H-2-Ld H-2-Kd H-2-Kb H-2-Kk H-2-Dd H-2-Db

TM* IS** TM* IS** TM* IS** TM* IS** TM* IS** TM* IS**

FYPEEISSMVLTKM 113–126 1 1 324 0.94 318 0.975 248 0.636 − 7 0.946 259 0.991 344
2 1 324 0.94 318 0.975 248 0.636 − 7 0.946 259 0.991 344
3 1 324 0.94 318 0.934 254 0.636 − 11 0.968 238 0.991 344
4 1 324 0.94 318 0.934 254 0.636 − 12 0.968 238 0.991 344
5 1 324 0.94 318 0.939 249 0.635 − 12 0.967 234 0.991 344
6 0.95 339 0.944 264 0.939 249 0.639 − 17 0.967 234 0.991 344
7 0.95 339 0.944 264 0.947 243 0.637 − 21 0.962 232 0.991 344
8 0.95 339 0.944 264 0.927 248 0.638 − 23 0.962 232 0.991 344
9 0.95 339 0.944 264 0.936 232 0.64 − 25 0.975 227 0.991 344
10 0.95 339 0.944 264 0.987 211 0.635 − 24 0.975 227 0.991 344

SLFEGIDFYTSITR 285–298 1 0.95 307 0.94 282 0.966 242 0.64 − 9 0.946 233 0.991 314
2 0.95 307 0.94 282 0.966 242 0.64 − 9 0/946 233 0.991 314
3 0.95 307 0.94 282 0.975 224 0.636 − 7 0.968 209 0.991 314
4 1 273 0.94 282 0.975 224 0.639 − 12 0.968 209 0.991 314
5 1 273 0.94 282 0.971 223 0.636 − 10 0.989 199 0.991 314
6 1 273 0.94 282 0.934 229 0.636 − 12 0.989 199 0.991 314
7 0.951 280 0.94 282 0.947 223 0.635 − 12 0.975 203 0.991 314
8 0.951 280 0.94 282 0.987 204 0.638 − 18 0.936 212 0.991 314
9 1 240 0.94 282 0.939 217 0.637 − 19 0.967 200 0.991 314
10 1 240 0.94 282 0.927 219 0.635 − 32 0.962 199 0.991 314
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improved after refinement process as shown in Table 15 and 
Fig. 10.

Molecular Docking Between the Multiepitope Peptides 
and TLRs

Molecular docking between the multiepitope constructs 
and TLRs was done using ClusPro 2.0. After prediction, we 
selected the models which properly occupied the receptor and 
had the lowest energy scores. The lowest energy level obtained 
for TLR-2-L1-L2-E7, TLR-3-L1-L2-E7, TLR-4-L1-L2-E7, 
TLR-5-L1-L2-E7, TLR-8-L1-L2-E7 and TLR-9-L1-L2-E7 
constructs was − 839.0, − 957.8, − 908.0, − 1210.0, − 929.0, 
and − 1034.0, respectively as shown in Fig. 11. The lowest 
energy level achieved for TLR-2-HSP70-L1-L2-E7, TLR-3-
HSP70-L1-L2-E7, TLR-4-HSP70-L1-L2-E7, TLR-5-HSP70-
L1-L2-E7, TLR-8-HSP70-L1-L2-E7 and TLR-9-HSP70-L1-
L2-E7 constructs was − 929.0, − 1064.0, − 974.3, − 1249.1, 
− 990.2, − 1034.0, respectively as shown in Fig. 12. The lowest 
energy levels determine the highest binding affinity between 
all of the predicted docked complexes.

In Vitro Experiments

Confirmation of the Plasmid DNA

At first, the pUC-57 vector harboring the HSP70-L1-L2-
E7 fusion DNA construct (Fig. 13) was designed and syn-
thesized. Then, the L1-L2-E7 and HSP70-L1-L2-E7 genes 
were successfully subcloned into pEGFP-N1 and pcDNA3.1 
(-) eukaryotic vectors. After digestion, the L1-L2-E7 and 
HSP70-L1-L2-E7 genes with the clear bands of ~ 519 bp 
and ~ 753 bp were confirmed on agarose gel, respectively 
(Fig. 14).

Expression of the L1‑L2‑E7 and HSP70‑L1‑L2‑E7 Genes 
In Vitro

The DNA constructs (pEGFP-L1-L2-E7 and pEGFP-
HSP70-L1-L2-E7) were transfected into the eukary-
otic cell line (HEK-293T) using TurboFect transfection 
reagent. The data showed that the cellular uptake of 
pEGFP-L1-L2-E7 and pEGFP-HSP70-L1-L2-E7 into the 

Table 12  Mouse MHC-II-
peptide docking scores of the 
selected HTL epitopes

TM*: Protein structure similarity (TM-score), IS**: Interaction similarity score

Epitope Position Model H-2-IAb H-2-IAd

TM* IS** TM* IS**

NVLRIINEPTAAAIA 168–182 1 0.957 107 0.97 91
2 0.948 107 0.98 74
3 0.963 90 0.975 71
4 0.955 90 0.955 79
5 0.952 89 0.943 84
6 0.954 83 0.943 78
7 0.951 82 0.971 63
8 0.943 82 0.936 78
9 0.953 78 0.907 85
10 0.955 77 0.938 71

QDLLLLDVAPLSLGL 389–403 1 0.953 107 0.937 108
2 0.932 107 0.955 99
3 0.955 99 0.943 100
4 0.957 97 0.973 86
5 0.916 106 0.907 107
6 0.948 95 0.97 77
7 0.913 104 0.938 87
8 0.944 92 0.931 87
9 0.963 81 0.925 88
10 0.938 89 0.943 80
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HEK-293T cells was ~ 56.16% ± 0.31 and ~ 80.45% ± 0.81, 
respectively. Moreover, the green cells were detected for 
the L1-L2-E7 and HSP70-L1-L2-E7 DNA delivery in 
HEK-293T cells using fluorescent microscopy (Fig. 15). 
The successful expression of the L1-L2-E7 and HSP70-
L1-L2-E7 multiepitope peptides fused to GFP was con-
firmed by Western blotting, as well. Our results showed 
the clear bands of ~ 46.5, ~ 55.5 and ~ 27  kDa for the 
L1-L2-E7-GFP, HSP70-L1-L2-E7-GFP and GFP con-
structs, respectively (Fig. 16).

In Vivo Studies

Preventive Study

Antibody Assay The levels of total IgG, IgG1 and IgG2a in 
mice immunized with the HSP70-L1-L2-E7 DNA construct 
(G2) was significantly higher than other groups against both 
L1-L2-E7 and HSP70-L1-L2-E7 multiepitope peptides as 
antigens (p < 0.05, Fig. 17). In addition, the levels of IgG2a 
in groups immunized with the HSP70-L1-L2-E7 (G2) and 

Fig. 5  Peptide-MHC docking between the selected epitopes of 
HSP70 and human MHC alleles: A The successful docking between 
113FYPEEISSMVLTKM126 and HLA-A2402 with interaction score of 
255.0; B The successful docking between 285SLFEGIDFYTSITR298 
and HLA-A0201 with interaction score of 258.0; C The success-

ful docking between 168NVLRIINEPTAAAIA182 and DRB1-0101 
with interaction score of 145.0; D The successful docking between 
389QDLLLLDVAPLSLGL403 and DRB1-0101with interaction score 
of 158.0



1207Molecular Biotechnology (2021) 63:1192–1222 

1 3

L1-L2-E7 (G1) DNA constructs were significantly higher 
than the levels of IgG1 especially against the HSP70-L1-
L2-E7 multiepitope peptide as an antigen (p < 0.05). No sig-
nificant antigen-specific antibody response was observed in 
the control sera.

Cytokine Detection As detected, the levels of IFN-γ and 
IL-4 secretion in groups immunized with the L1-L2-E7 (G1) 
and HSP70-L1-L2-E7 (G2) DNA constructs were drastically 
higher than control groups (p < 0.05, Fig. 18). In addition, 
the injection of the HSP70-L1-L2-E7 (G2) DNA construct 
increased significantly IFN-gamma response compared to 
the injection of L1-L2-E7 (G1) DNA construct (p < 0.05). 
In contrast, there was no significant difference in IL-4 secre-
tion between groups immunized with the HSP70-L1-L2-E7 
and L1-L2-E7 DNA constructs (G1 & G2; p > 0.05). Fur-
thermore, our results indicated that the ratios of IFN-γ/IL-4 
were higher in test groups (G1 & G2) than control groups; 
therefore, they could induce Th1 immune response. On the 
other hand, no significant difference was observed in IL-10 
secretion between different groups (test groups compared to 
control groups; p > 0.05, data not shown).

Granzyme B Secretion The secretion of Granzyme B in 
groups immunized with the HSP70-L1-L2-E7 and L1-L2-E7 
DNA constructs (G1 and G2) was considerably higher than 
the control groups (p < 0.001, Fig.  19). The group immu-
nized with the HSP70-L1-L2-E7 DNA construct (G2) pro-
duced significantly higher levels of Granzyme B than other 
group (G1, p < 0.001) against both antigens.

Evaluation of  Tumor Growth To determine the preven-
tive effects of the designed L1-L2-E7 and HSP70-L1-
L2-E7 DNA constructs, tumor growth and survival rate 
were determined for 65  days after C3 challenge. The 
groups immunized with the L1-L2-E7 and HSP70-L1-
L2-E7 DNA constructs (G1 & G2) indicated drastically 
lower tumor growth than that in control groups (G3 & 
G4, p < 0.01; Fig.  20A). Tumor growth was observed in 
control groups on approximately 7–14  days. The group 
vaccinated with the HSP70-L1-L2-E7 DNA construct 
(G2) reduced tumor growth more than the group immu-
nized with the L1-L2-E7 DNA construct (G1) but it was 
not significant (p > 0.05; Fig. 20A). In addition, the group 
immunized with the HSP70-L1-L2-E7 DNA construct 

Fig. 6  Peptide-MHC docking between the selected epitopes of 
HSP70 and mouse MHC alleles: A The successful docking between 
113FYPEEISSMVLTKM126 and H-2-Db with interaction score of 
344.0; B The successful docking between 285SLFEGIDFYTSITR298 

and H-2-Db with interaction score of 314.0; C The successful dock-
ing between 168NVLRIINEPTAAAIA182 and H-2-IAb with interac-
tion score of 107.0; D The successful docking between 389QDLLLL-
DVAPLSLGL403 and H-2-IAb with interaction score of 107.0
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(G2) indicated a higher survival percentage (~ 80%) than 
the group immunized with the L1-L2-E7 DNA construct 
(G1; ~ 60%; Fig. 20B).

Therapeutic Effects Mice with the established tumors (~ 2–3 
 mm3) were treated by the L1-L2-E7 and HSP70-L1-L2-E7 
DNA constructs. Among these groups, the group vaccinated 
by the HSP70-L1-L2-E7 DNA construct showed a higher 
survival rate (G2, ~ 80%) than the L1-L2-E7 DNA construct 
(G1, ~ 60%) and control groups (G3 & G4, 0%) 65 days fol-
lowing treatment. This result was similar to the preventive 
effects. Indeed, the tumor growth was stopped in 80% and 
60% of the treated mice (G2 & G1, respectively). As shown 
in Fig.  20C, groups immunized with the DNA constructs 

(G1 & G2) indicated significantly lower tumor growth than 
that in control groups (G3 & G4, p < 0.01).

Discussion

The HPV L1/L2 capsid proteins and E7 oncoprotein are 
suitable targets for the prevention and treatment of cervical 
cancer, respectively. The design of DNA- or peptide-based 
vaccine constructs containing both T- and B-cell epitopes 
results in boosting the strength and durability of immune 
responses [11, 15, 65, 66]. HSPs have been utilized as a 
potent adjuvant in immunotherapy of cancers and infectious 
diseases. Moreover, constructing an antigen-HSP fusion 

Fig. 7  Linear B-cell epitopes 
predicted in the designed 
constructs: A the L1-L2-E7 
multiepitope construct; B the 
HSP70-L1-L2-E7 multiepitope 
construct. The residues with 
higher scores than the threshold 
were predicted as a part of an 
B-cell epitope (yellow color)
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provides a promising approach to enhance the potency of 
DNA-, protein- or peptide-based vaccines [29, 36, 67]. 
On the other hand, to overcome the low immunogenic-
ity of the peptide-based vaccines, immunobioinformatics 
tools are beneficial in determining novel and potent anti-
genic epitopes [68, 69]. The immunogenicity of L1, L2 
and E7 epitopes in peptide-based vaccines was evaluated 

in a wide-range of studies. Feltkamp et al. determined the 
HPV16 E7 49RAHYNIVTF57 sequence as an MHC-I bind-
ing epitope which triggers CTL-mediated responses [63, 70]. 
About 10 years later, Kawana et al. introduced HPV16 L2 
peptide (108VEETSFIDAGAP120) as a highly immunogenic 
epitope [71]. Hitzeroth and Kwak showed that L2 DNA vac-
cination inhibited the growth of L2-expressing C3 tumor 

Table 13  The selected linear 
and conformational epitopes for 
L1-L2-E7 (A) and HSP70-L1-
L2-E7 (B) constructs

NO Start End Peptide Length

(A) Predicted peptides for L1-L2-E7
1 5 11 DTYRYVQ 7
2 15 58 ITCQKAAYYLPPVPVSKVAAYDNTVYLPPPSVARVVAAYDQYPL 44
3 67 110 YPDFLDIVALHRPALTSRAAYSDFMDIIRLHRPALTSRAAYKRA 44
4 121 126 KRASVT 6
5 131 141 AAYGQAEPDRA 11
6 154 156 ADD 3
7 168 170 HHH 3
(B) Predicted peptides for HSP70-L1-L2-E7
1 49 51 GID 3
2 62 62 F 1
3 64 67 PEEI 4
4 78 94 YEFRSMAAYDTYRYVQS 17
5 97 119 ITCQKAAYYLPPVPVSKVAAYDN 23
6 121 130 VYLPPPSVAR 10
7 132 140 VAAYDQYPL 9
8 150 195 PDFLDIVALHRPALTSRAAYSDFMDIIRLHRPALTSRAAYKRASAT 46
9 202 209 YKRASVTD 8
10 212 223 KAAYGQAEPDRA 12
11 236 240 ADDLR 5
12 250 252 HHH 3

Table 14  Physicochemical 
characteristics of two designed 
constructs

*A protein whose instability index is smaller than 40 is predicted as stable, a value above 40 predicts that 
the protein may be unstable
**The scaled solubility value greater than 0.45 is predicted to be high soluble and lower than 0.45 is pre-
dicted to be less soluble

HSP70-L1-L2-E7 L1-L2-E7

Theoretical pI 8.73 9.50
Molecular weight (MW.) 28536.65 19575.33
Instability index (II) 43.63(unstable)* 41.53(unstable)*
GRAVY 0.026 − 0.207
Solubility 0.301 (less soluble)** 0.376 (less soluble) **
No. of amino acids 255 173
Total no. of positively charged residues
(Arg + Lys)

24 20

Total no. of negatively charged residues
(Asp + Glu)

21 12

Aliphatic index 92.08 83.70
Half-life in E. coli, in vivo  > 10 h  > 10 h
Half-life in mammalian reticulocytes, in vitro 30 h 30 h
Half-life in yeast, in vivo  > 20 h  > 20 h
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Fig. 8  The secondary structure of the designed L1-L2-E7 (A1, A2) and HSP70-L1-L2-E7 (B1, B2) constructs by PSIPRED server
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cells [72]. On the other hand, multivalent L1 DNA vaccines 
could induce strong cellular and humoral immune responses 
[73, 74]. Moreover, chimeric L1 vaccines harboring cross-
neutralizing L2 peptides (e.g., 17QLYKTCKQAGTCPPDI-
IPKV36 epitope) were suggested as promising second-gen-
eration prophylactic HPV vaccine candidates [75]. In 2015, 
an immunogenic HPV16 L2 epitope (12RASATQLYKTCK-
QAGTCPPDIIPKVEGKTI41) was introduced into the ade-
novirus 5 (Ad5) hexon as a practical method of generating a 
protective HPV vaccine [76]. In 2018, two 9-mer epitopes of 
HPV58 E7 including QAQPATANY and SSDEDEIGL were 
found as the most potential B- and T-cell epitopes, respec-
tively [77]. Tsang et al. proposed six immunogenic epitopes 
of HPV16 E6 and E7 proteins including 11KLPQLCTEL19, 
72KISEYRHYC80, 90QQYNKPLCDL99 from E6 protein, and 
11YMLDLQPET19, 7TLHEYMLDL15, 77RTLEDLLMGT86 
from E7 protein [78].

Fig. 9  The 3D structures of the L1-L2-E7 (A) and HSP70-L1-L2-
E7 (B) constructs predicted by I-TASSAR server: A The L1-L2-E7 
construct with C-score of -3.66 has the highest score among the pre-

dicted structures; B The HSP70-L1-L2-E7 construct with C-score of 
− 2.72 has the highest score among the predicted structures

Table 15  Validation of the tertiary structures

Construct Model Overall 
quality 
factor

L1-L2-E7 Model1 77.5758
Model2 80.6061
Model3 64.2424
Model4 76.9697
Model5 70.9091

HSP70-L1-L2-E7 Model1 69.9187
Model2 81.3008
Model3 76.4228
Model4 84.1463
Model5 70.6122
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Our group previously determined the immunogenic 
and conserved epitopes of L1 and L2 proteins among the 
high-risk HPV types with the population coverage rates 

of 95.55% and 96.33%, respectively in worldwide [20]. In 
addition, we determined the immunogenic epitopes of E5, 
E6 and E7 oncoproteins from HPV-16, -18, -31 and -45 

Fig. 10  The refined L1-L2-E7 (A1) and HSP70-L1-L2-E7 models (A2) generated by GalaxyRefine Server; B1 ERRAT error values chart and 
quality factor of L1-L2-E7 was 80.60; B2 ERRAT error values chart and quality factor of HSP70-L1-L2-E7 was 84.14

Fig. 11  The molecular docking between the L1-L2-E7 multiepitope construct and TLR-2 (A), TLR-3 (B), TLR-4 (C), TLR-5 (D), TLR-8 (E) & 
TLR-9 (F)
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using a two-stage immunoinformatics method [33, 34]. 
In this study, we used the same epitopes of L1, L2 and 
E7 obtained from our previous studies [20, 33, 34], and 
designed a L1-L2-E7 multiepitope peptide construct for 
further in silico studies (e.g., B-cell epitope prediction, 
physicochemical characteristics, secondary structure mod-
eling, 3D structure prediction, 3D structure refinement and 
validation, and binding prediction to TLRs). On the other 
hand, different computational tools were utilized to design 
an additional novel multiepitope peptide construct based 
on the immunodominant T-cell epitopes of HSP70 linked 
to the L1-L2-E7 multiepitope peptide construct.

Some studies showed that the efficiency of DNA vac-
cines can be enhanced by the linkage of HPV16 E7 gene 
to HSP70 gene. For example, the fusion of Mycobacte-
rium tuberculosis HSP70 (MtHSP70) to the modified 
HPV 16 E7 (mE7) gene stimulated a stronger E7-specific 
 CD8+ T-cell response, and a more significant therapeutic 
effect against E7-expressing tumor cells than the E7 DNA 
construct in mice [79, 80]. Also, Jiang et al. generated a 
recombinant protein vaccine based on the fusion of HSP70 
to a melanoma tumor antigen (Mage-a1). The Mage-a1-
HSP70 fusion construct could significantly increase 
immune responses and antitumor effects against Mage-
a1-expressing tumors as compared to the Mage-a1 protein, 
and the combination of Mage-a1 + HSP70 proteins [29]. In 
2019, Matsui et al. identified twenty-nine HSP70-derived 

peptides (9-mers) bound to HLA-class I using peptide-
binding experiments [81].

In our study, the prediction of MHC-I and MHC-II bind-
ing HSP70 epitopes was analyzed using IEDB, NetMHC-
pan 4.1, and NetMHCIIpan. Hence, T-cell epitopes with the 
highest binding affinity scores were selected. Generally, the 
MHC-II binding epitopes included HPV16 L1 (416DTYRY-
VQSQAITCQK430), HPV18 L1 (8DNTVYLPPPS-
VARVV22), HPV16 L2 (281  PDFLDIVALHRPALTSR297), 
HPV18 L2 (274SDFMDIIRLHRPALTSR290), HSP70 
(168NVLRIINEPTAAAIA182), and HSP-70 (389QDLLLL-
DVAPLSLGL403). The MHC-I binding epitopes included 
HPV16 L1 (12YLPPVPVSKV21), HPV18 L1 (461DQY-
PLGRKFLV471), HPV16 L2 (11KRASATQLYK20), 
HPV18 L2 (11KRASVTDLYK20), HPV16 E7 (43GQAEP-
DRAHYNIVTF57), HPV18 E7 (78SSADDLRAFQQLFL91), 
HSP70 (113FYPEEISSMVLTKM126), and HSP70 
(285SLFEGIDFYTSITR298).

The predicted HSP70 epitopes showed a high quality of 
proteasomal cleavage and Tap transport efficiency, as well. 
These epitopes were non-allergen using AlgPred server. In 
the next step, the population coverage rates for CTL and 
HTL epitopes were studied in sixteen-specified geographi-
cal regions for the predicted HSP70 epitopes. These data 
suggested a specific binding of the CTL and HTL epitopes 
to the prevalent HLA molecules in the targeted populations. 
For example, the highest world’s population coverage for 

Fig. 12  The molecular docking between the HSP70-L1-L2-E7 multiepitope construct and TLR-2 (A), TLR-3 (B), TLR-4 (C), TLR-5 (D), TLR-8 
(E) & TLR-9 (F)
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two CTL epitopes of HSP70 was calculated about 88.39% 
and 81.19%, and for two HTL epitopes of HSP70 were deter-
mined about 40.07% and 21.86%. Furthermore, the MHC-I 
binding HSP70 epitopes (113–126 and 285–298 epitopes), 
and the MHC-II binding HSP70 epitopes (168–182 and 
389–403 epitopes) showed the highest docking scores 
as compared to other HSP70 epitopes. In addition, all 
selected epitopes of L1, L2, E7 and HSP70 could induce 
IFN-gamma cytokine. As known, IFN-gamma has a major 
role in intracellular immunity against HPV infection [82]. 
Finally, the L1-L2-E7 and HSP70-L1-L2-E7 multiepitope 

peptide constructs were designed. In the next step, further 
immunoinformatics tools were applied to determine some 
physicochemical, structural and immunological properties 
of the designed constructs. The physicochemical properties 
of the L1-L2-E7 and HSP70-L1-L2-E7 constructs indicated 
that they were unstable and less soluble. In addition, the 
L1-L2-E7 construct with molecular weight 19.5 kDa and 
173 amino acids had 20 positive charge residues (Arg + Lys) 
and 12 negative charge residues (Asp + Glu) and the HSP70-
L1-L2-E7 construct with molecular weight 28.5 kDa and 255 
amino acids consisted of 24 positive and 21 negative charge 

Fig. 13  The multiepitope HSP70-L1-L2-E7 DNA construct with the restriction enzymes sites
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residues. The 3D modeling of the L1-L2-E7 and HSP70-L1-
L2-E7 constructs using I-TASSER server showed that the 
C-scores of the best models for the L1-L2-E7 and HSP70-
L1-L2-E7 constructs were − 3.66 and − 2.72, respectively. 
These data determined that the accuracy of the HSP70-L1-
L2-E7 construct was higher than the L1-L2-E7 construct. 
The overall quality scores of the improved models for the 
L1-L2-E7 and HSP70-L1-L2-E7 constructs were 80.60, and 
84.14, respectively after refinement. On the other hand, the 
molecular docking between the multiepitope peptide con-
structs and TLRs showed strong interactions between them 
using ClusPro server. In this line, several studies showed 
that simultaneous activation of multiple pathways of TLRs 
induced by vaccines led to stronger immunogenicity effects. 
Activation of TLRs signaling pathways could induce inflam-
matory reactions as well as promote DC maturation, HTL 
differentiation and production of an acquired immune 
response [83, 84]. The activation of TLRs by various ligands 
plays a major role in the development of cervical cancer. It 
was found that E7 oncoprotein can activate the PI3K/Akt/
mTOR signaling pathway through TLRs in HPV-infected 
host epithelial cells. The expression levels of TLR2 and 
TLR4 were higher in cervical cancer cells than normal cells. 
In addition, TLR4, TLR5 and TLR9 were strongly related to 
HPV infection and cervical cancer. Thus, the TLR agonists 
were used for vaccine design in some studies [85–87].

Following the design of HSP70-L1-L2-E7 multiepitope 
peptide construct, it was reversely translated to the HSP70-
L1-L2-E7 multiepitope DNA construct. After synthesis of 

the HSP70-L1-L2-E7 multiepitope gene in the cloning vec-
tor (pUC57), the L1-L2-E7 (∼ 519 bp) and HSP70-L1-L2-
E7 (∼ 753 bp) genes were subcloned from pUC57-HSP70-
L1-L2-E7 into pEGFP-N1 and pcDNA3.1 (-) eukaryotic 
expression vectors for in vitro and in vivo studies, respec-
tively. For in vitro gene expression, the recombinant pEGFP-
L1-L2-E7 and pEGFP-HSP70-L1-L2-E7 were transfected 
into HEK-293T cells using TurboFect reagent. The flow 
cytometry analysis showed that the L1-L2-E7 and HSP70-
L1-L2-E7 genes were expressed about ~ 56.16% ± 0.31 
and ~ 80.45% ± 0.81, respectively into the cells. Also, the 
expression of the L1-L2-E7 and HSP70-L1-L2-E7 multie-
pitope peptides fused to GFP was detected as the clear bands 
of ~ 46.5 and ~ 55.5 kDa, respectively by Western blotting.

The reports indicated that therapeutic HPV DNA vac-
cines possess effective antitumor activity. GX-188E is a 
HPV16/18 E6/E7 DNA therapeutic vaccine (Genexine, Inc.) 
achieved to phase II clinical trial. Moreover, VGX-3100 is 
a DNA vaccine containing two plasmids encoding the con-
sensus HPV16/18 E6 and E7 genes achieved to phase III 
clinical trial [66, 88]. On the other hand, several strategies 
were used to increase the efficiency of DNA vaccines such 
as the use of various adjuvants (e.g., HSPs). Some studies 
focused on developing the effective DNA vaccines using dif-
ferent regions of HSPs (e.g., the N- or C-terminal fragments) 
in animal models [36]. Moreover, the multi-antigenic DNA 
constructs were used to boost immune responses, and gen-
erate both preventive and therapeutic effects. For example, 
a therapeutic HPV16 E7 DNA vaccine construct encoding 

Fig. 14  Confirmation of the DNA constructs on agarose gel: A the 
pEGFP-L1-L2-E7 digested by the restriction enzymes shows a clear 
band of ~ 519 bp related to the L1-L2-E7 gene; B the pEGFP-HSP70-

L1-L2-E7 digested by the restriction enzymes shows a clear band 
of ~ 753 bp related to the HSP70-L1-L2-E7 gene
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Fig. 15  Evaluation of the GFP (B), L1-L2-E7-GFP (C) and HSP70-
L1-L2-E7-GFP (D) DNA delivery into HEK-293T mammalian cells 
using TurboFect. Transfection efficiency was monitored by flow 

cytometry (right) and fluorescent microscopy (left) at 48 h post-trans-
fection as compared to the untransfected cells as a negative control 
(A)
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Fig. 16  Identification of protein 
expression in HEK-293T cells 
using Western blotting: The 
clear bands were observed 
for GFP (lane 1, ~ 27 kDa), 
L1-L2-E7-GFP (lane 2, ∼ 
46.5 kDa), and HSP70-L1-L2-
E7-GFP (lane 3, ~ 55.5 kDa), 
respectively. No clear band was 
detected in untransfected cells 
as a negative control (lane 4). 
MW is molecular weight marker 
(prestained protein ladder, 
10–180 kDa, Fermentas)

Fig. 17  Antibody responses against the L1-L2-E7 and HSP70-L1-L2-
E7 peptides as an antigen in different groups: A total IgG, B IgG1, 
and C IgG2a; Mice sera were prepared from the whole blood sam-
ples of each group (n = 8) 3 weeks after the last immunization. All 

analyses were performed in duplicate for each sample shown as mean 
absorbance at 450  nm ± SD. ***p < 0.001; **p < 0.01; *p < 0.05; ns 
non-significant
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the fusion sequence of the full-length bovin papillomavirus 
(BPV) L1 protein and a murine E7 antigenic epitope (aa 
49–57) could induce effective E7-specific antitumor immune 
response in mice [89].

In our study, the endotoxin-free pcDNA-L1-L2-E7 and 
pcDNA-HSP70-L1-L2-E7 vectors were prepared and sub-
cutaneously injected to C57BL/6 mice. Our results showed 
that the HSP70-L1-L2-E7 DNA construct generated sig-
nificantly total IgG, IgG2a, IgG1, and IFN-gamma against 
both L1-L2-E7 and HSP70-L1-L2-E7 peptides as coated 
antigens compared to the L1-L2-E7 DNA construct. It is 
important that both DNA constructs elicited higher IgG2a 
and IFN-gamma levels than IgG1 and IL-4 levels indi-
cating direction of responses toward Th1 response. In 
addition, the secretion of Granzyme B in the group vac-
cinated with pcDNA-HSP70-L1-L2-E7 was higher than 
the group vaccinated with pcDNA-L1-L2-E7 indicating an 
effective CTL activity in vitro. On the other hand, the per-
centage of tumor-free mice in the group vaccinated with 

pcDNA-HSP70-L1-L2-E7 was significantly more than 
the group vaccinated with pcDNA-L1-L2-E7. Moreover, 
the tumor growth in the group vaccinated with pcDNA-
HSP70-L1-L2-E7 was less than the group vaccinated with 
pcDNA-L1-L2-E7, but this difference was not significant. 
Generally, the L1-L2-E7 DNA construct was effective for 
inducing immune responses and antitumor effects, but the 
linkage of HSP70 epitopes to the L1-L2-E7 DNA con-
struct could significantly boost its potency.

Conclusion

In summary, two multiepitope peptide vaccine candidates 
were designed against HPV infection using in silico stud-
ies. After their reverse translation, four eukaryotic vec-
tors expressing the multiepitope DNA (pEGFP-L1-L2-
E7, pEGFP-HSP70-L1-L2-E7, pcDNA-L1-L2-E7 and 
pcDNA-HSP70-L1-L2-E7) were generated and used for 
in vitro and in vivo studies. The data showed that both 
multiepitope DNA constructs were successfully expressed 
in mammalian cell line. Moreover, in vivo studies showed 
that the linkage of HSP70 epitopes to the L1-L2-E7 DNA 
construct could significantly increase immune responses 
toward Th1 response and CTL activity and induce stronger 
antitumor effects. However, further studies are required 
to evaluate other strategies such as heterologous prime/
boost regimen and/or the use of chemotherapeutic agents 
along with vaccination. Moreover, the stability of cytokine 
secretion will be assessed in splenocyte and plasma in 
future works.

Fig. 18  The levels of IFN-γ (A) and IL-4 (B) in vaccinated groups 
with different formulations: The pooled splenocytes were pre-
pared from three mice in each group (n = 3) and re-stimulated with 
the L1-L2-E7 or HSP70-L1-L2-E7 peptides in  vitro. The levels of 

cytokines were measured in the supernatant with ELISA as mean 
absorbance at 450 nm ± SD for each sample. All analyses were per-
formed in duplicate for each sample. ***p < 0.001; **p < 0.01; 
*p < 0.05; ns non-significant

Fig. 19  Granzyme B concentration measured by ELISA using the 
pooled splenocytes from three mice in each group (n = 3). All anal-
yses were performed in triplicate for each sample. ***p < 0.001; 
**p < 0.01; *p < 0.05; ns: non-significant
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