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DNA vaccine encoding human papillomavirus antigens
flanked by a signal peptide and a KDEL sequence
induces a potent therapeutic antitumor effect
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Abstract. Cellular immune responses play a critical role in
the eradication of intracellular infections and malignant
cells through the recognition and subsequent removal of the
infection or malignant cells. Effective antigen presentation is
crucial for stimulating the immune system against malignant
cells. Calreticulin (CRT) has been used to improve antigen
presentation. However, CRT overexpression has been previ-
ously associated with the development of pancreatic and
breast cancer. The import and retention signals of CRT in
the endoplasmic reticulum (ER) can be used to overcome
CRT overexpression. The present study describes the potent
antitumor effect of a DNA vaccine encoding human papil-
lomavirus type 16 E6 and E7 antigens flanked by ER import
and retention signals (SP-E6E7m-KDEL). The effect of this
vaccine was compared with that of E6 and E7 antigens fused
to human full-length CRT (hCRT-E6E7m). In the present
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study, the effectiveness of SP-E6E7m-KDEL for inducing
an interferon-y antigen-specific, response and its therapeutic
effect against tumors was demonstrated, which was as
effective as immunization against those antigens fused to
CRT. This simplified strategy, using ER import and retention
signal peptides to direct antigens to this organelle, provides
an efficient alternative to traditional vaccines and, more
importantly, a safe and potent system to induce a therapeutic
antitumor response.

Introduction

Cervical cancer arises from viral infections and is particularly
associated with persistent human papillomavirus (HPV)
infection. As a result, the tumor cells themselves express
virus-specific antigens, including the oncoproteins E6 and E7,
which are involved in cellular malignant transformation (1).

Cluster of differentiation 8 (CD8*) cytotoxic lymphocytes
are the primary effector cells in cell-mediated immunity, and
the activation of these cells is required for the recognition of the
epitope-loaded major histocompatibility complex I (MHC-I)
of the target cell (2). These epitopes are typically produced by
proteasomal protein degradation and are subsequently carried
by transporters associated with antigen processing proteins
(TAPs), for entry into the endoplasmic reticulum (ER) and
loading onto MHC-I (3).

Only a single peptide is loaded onto the MHC-I for every
10* degraded proteins (4). In tumors or virus-infected cells,
MHC-I expression may be affected by a reduction in antigen
presentation, leading to immune system evasion (5,6). In
previous years, various strategies, involving DNA and adeno-
virus vaccines, have been designed to overcome this limitation
and to potentiate the antitumor immune response (7-9). A
promising strategy is based on targeted antigen delivery
directly to the ER, through the fusion of these proteins to an
ER resident protein or an ER signal peptide. Previous studies
have shown that the fusion of antigens with ER resident
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proteins, particularly calreticulin (CRT), enhances the immune
response compared with antigens alone (10,11). However, CRT
overexpression has recently been associated with pancreatic
cancer through the mitogen activated protein kinase/extracel-
lular signal-regulated kinase signaling pathway (12) and breast
cancer through elevated humoral immunity to CRT (13).

In a previous study using mice, we demonstrated that
treatment with an adenovirus (Ad SP-E7-KDEL) expressing
antigen E7 fused to a CRT signal peptide (SP: MLLPVPLLL-
GLLGLAAAL) and a retention peptide (KDEL) exerted a
protective antitumor effect equal to that obtained following
treatment with the same antigen fused to CRT (14). In the
present study, an improved vaccine was constructed that
includes the E6 and E7 antigens, which provides a better anti-
tumor effect according to the literature (15-17). In addition,
the two antigens were mutant versions to eliminate the risk of
cellular transformation (18,19) and were codon-optimized for
efficient expression in mammalian cells (20). These antigens
were fused to the human CRT signal peptide and the KDEL
signal (SP-E6E7m-KDEL). The effect of this construct was
compared with that obtained by the fusion of these antigens
to human full-length CRT (hCRT-E6E7m); as a reference
control, rabbit CRT (rCRT-E7) was fused to wild-type E7 (10).
These constructs were evaluated as DNA vaccines via gene
gun-mediated transfer.

Materials and methods

Mice. Female C57BL/6 mice (6-8 weeks old) were purchased
from Harlan (Mexico City, Mexico), housed under a 12 h
light/12 h dark cycle and provided with ad libitum access to food
and water. The experiments reported in the present study were
conducted according to the principles set forth in the Guide for
the Care and Use of Laboratory Animals of the U.S. National
Institutes of Health. The protocol was approved by the Ethics
Committee of the School of Medicine, Universidad Autonoma
de Nuevo Leon (Monterrey, Mexico) (protocol HT14-002).

Cell lines. HEK-293 human embryonic kidney (#CRL-1573)
and TC-1 mouse lung tumor (#CRL-2785) cell lines were
obtained from the American Type Culture Collection
(Manassas, VA, USA). HEK-293 cells were cultured in
advanced Dulbecco's modified Eagle medium supplemented
with 4% heat-inactivated fetal calf serum, 2 mM L-glutamine
and 100 U/ml penicillin/streptomycin (all from Cellgro, Medi-
atech Inc., Manassas, VA, USA). TC-1 cells were cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated
fetal calf serum, 1 mM sodium pyruvate (Thermo Fisher
Scientific,Inc., Waltham,MA,USA), 100 U/ml penicillin/strep-
tomycin and G418 at 0.5 mg/ml (#A1720; Sigma-Aldrich;
Merck Millipore, Darmstadt, Germany). All cells were main-
tained at 37°C in a 5% CO, atmosphere.

DNA constructs. The sequences of the fusion proteins
SP-E6E7m-KDEL and hCRT-E6E7m were designed in silico
and synthesized at Eurofins Company (Huntsville, AL, USA).
These genes were subcloned using the Nofl and BgIII restric-
tion sites in the pShuttle-CMV vector and purified using
an endotoxin-free kit (Qiagen, Inc., Valencia, CA, USA).
The plasmid pShuttle:rCRT-E7 was donated by Dr Jorge
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Gomez-Gutierrez from the Division of Surgical Oncology of
the University of Louisville (Louisville, KY, USA) (11). DNA
cartridges (1 pg/shot) for the Helios gene gun system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) were prepared
according to the manufacturer's protocol and stored in desic-
cant chambers at 4°C until further use.

Western blot analysis. A total of 3x10° HEK-293 cells were
seeded onto a 6-well plate. The next day, 4 ug of the corre-
sponding DNA was mixed with Turbofect (#R0531; Thermo
Fisher Scientific, Inc.) and the cells were transfected according
to the manufacturer's protocol. After 18 h, the cells were
collected and lysed with radioimmunoprecipitation assay
(RIPA) buffer. The supernatants were mixed with loading
buffer, denatured at 100°C for 10 min, and centrifuged
at 18,000 x g. The samples were subjected to denaturing
electrophoresis on 12% acrylamide gels and subsequently
transferred to nitrocellulose membranes. The membranes
were blocked for 1 h with 3% bovine serum albumin
(#A1311;US Biological, Salem, MA, USA) in Tris-buffered
saline and Tween 20 (TBST) (135 mM NaCl, 2.7 mM KClI,
24.8 mM Tris-HCI, 0.05% Tween 20, pH 7.4). Similarly, the
antibodies were diluted with 0.3% BSA in TBST. Subse-
quently, the membranes were incubated overnight with the
mouse monoclonal IgG2a raised against amino acids 35-56
of E7 HPV16 (#sc-65711; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) diluted 1:3,000. The membranes were
washed with TBST and incubated for 2 h with a horseradish
peroxidase (HRP)-conjugated rabbit anti-mouse antibody
(#A9044; Sigma-Aldrich; Merck Millipore) diluted 1:10,000.
The signal detection was performed using Super Signal
West Pico Chemiluminescent Substrate (#34080; Pierce
Biotechnology; Thermo Fisher Scientific, Inc.). The same
membrane was washed with Restore Western Blot Stripping
Buffer (#21063; Thermo Fisher Scientific, Inc.) and incubated
with the mouse monoclonal IgG, raised against HPV16/18
EG6 protein (#sc-460; Santa Cruz Biotechnology, Inc.) diluted
1:3,000.

Immunofluorescence. Glass coverslips were sterilized and
placed into the wells of a 24-well plate. Subsequently, 5x10*
HEK-293 cells were seeded into the wells of the prepared plates
and transfected the next day with 1 ug of DNA using Turbofect
(#R0531; Fermentas; Thermo Fisher Scientific, Inc.). After
16 h, the cells were fixed with methanol:acetone (1:1), blocked
with 3% horse serum (#16050122; Thermo Fisher Scientific,
Inc) and incubated overnight with mouse monoclonal IgG2a
raised against amino acids 35-56 of E7 HPV16 and rabbit
polyclonal raised against amino acids 1-70 of human calnexin,
diluted 1:250 each one (#sc-65711 and #sc-11397; Santa Cruz
Biotechnology, Inc.). The membranes were then washed with
TBST and incubated for 2 h with goat polyclonal anti-mouse
IgG (H+L) Alexa 594 and goat polyclonal anti-rabbit IgG
(H+L) Alexa 488 (#A-11005 and #A-11034; Invitrogen; Thermo
Fisher Scientific, Inc.) each diluted 1:500. The glass coverslips
were mounted with Vectashield Antifade Mounting Medium
with 4',6-diamidino-2-phenylindole (DAPI) (#H-1200; Vector
Laboratories, Inc., Burlingame, CA, USA) and observed using
an Apotome fluorescence microscope (Carl Zeiss, Inc., Thorn-
wood, NY, USA).
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Interferon (IFN)-y quantification. Groups of 3 mice (6-7 weeks
old) were immunized on days 0 and 7 with 1 g of DNA in
the abdominal area using the gene gun system. The mice were
sacrificed 7 days subsequent to immunization, and the spleens
were collected. A pool of spleens for each treatment was
mashed on a cell strainer (#352350; BD Falcon, Bedford, MA,
USA), and the splenocytes were stimulated with 1 pzg/ml E7
immunodominant epitope (RAHYNIVTF; amino acids 49-57)
or E6 (YDFAFRDL,; amino acids 50-57) (both from GenWay
Biotech, Inc., San Diego, CA USA) for 48 h. The culture super-
natants were collected, and IFN-vy levels were determined using
a mouse IFN-y platinum enzyme linked immunosorbent assay
(ELISA) kit #BMS606; eBioscience, Inc., San Diego, CA,
USA). The basal levels of IFN-y produced under non-antigen
stimulation conditions were used to normalize the results.

Antitumor therapeutic assay. Groups of 5 mice were used for
each treatment. The mice were injected with 1x10* TC-1 cells
in the tail vein, simulating a metastasis model. When this lung
tumor cell line is injected in the tail vein, the first capillary
bed that cells face is in the lungs, and therefore all cells are
retained and grow on lung epithelium. The gene gun system
was used for immunization in the abdominal area using
300 psi as output pressure. The mice were immunized with
1 pug of the corresponding DNA construct on the third and
tenth days following tumor implantation and were sacrificed
on day 25. The lungs were rinsed in phosphate buffered saline
(PBS) and fixed in 4% paraformaldehyde (PFA) in PBS for
tumor foci counts.

Histological analysis of the tumor foci. After counting the
tumor foci, lungs were fixed in 4% PFA-PBS, dehydrated
and embedded in paraffin. Lung orientation was disposed,
prioritizing areas with more tumor foci; 4 ym sections were
deparaffinized and hydrated for hematoxylin and eosin (H&E)
staining (H3136 and E6003; Sigma-Aldrich; Merck Milli-
pore), followed by dehydration and mounting using Entellan
mounting medium (#17960; Merck Millipore). The lung
sections were analyzed using a Primo Star microscope (Carl
Zeiss, Inc., Thornwood, NY, USA), the images were obtained
by bright-field microscopy.

Statistical analysis. Analysis of variance (one-way ANOVA)
followed by post hoc Dunnett's tests was performed using
Prism software (GraphPad Software, Inc., La Jolla, CA, USA).
P<0.05 was considered to indicate a statistically significant
difference. All experiments were performed at least twice.

Results

Design and characterization of DNA constructs. The construct
SP-E6E7m-KDEL consists of the fusion of full-length E6-E7
mutant antigens to the signal peptide of hCRT at the N-terminus
and the fusion of the KDEL signal to the C-terminus for reten-
tion in the ER. The construct hCRT-E6E7m consists of the
fusion of full-length E6-E7 mutant antigens to the N-terminus
of hCRT. The resulting synthetic constructs were deposited in
the GenBank database under the accession numbers KP§898251
and KP898250, respectively. The DNA constructs are shown
in Fig. 1.
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Figure 1. Construction of DNA vaccines. These gene constructs involve the
fusion of the human papillomavirus 16 E6 and E7 proteins to different signal
sequences. rCRT, rabbit calreticulin; hCRT, human calreticulin, KDEL,
lysine-aspartic acid-glutamic acid-leucine peptide sequence; SP, signal
peptide.
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Figure 2. Detection of the recombinant proteins through western blot-
ting. HEK-293 cells transfected with constructs expressing rCRT-E7,
hCRT-E6E7m, SP-E6E7m-KDEL or the empty vector. After 24 h, the cell
protein extracts were subjected to SDS-PAGE and incubated with specific anti-
bodies. Lane 1,rCRT-E7; Lane 2, hCRT-E6E7m; Lane 3, SP-E6E7m-KDEL;
Lane 4, empty vector. A molecular-weight size marker was loaded on lane M.
rCRT, rabbit calreticulin; hCRT, human calreticulin, KDEL, lysine-aspartic
acid-glutamic acid-leucine peptide sequence; SP, signal peptide.

Protein extracts from transfected HEK-293 cells transfected
with the different constructs were analyzed through western
blotting (Fig. 2). Bands were observed at 70 kDa for rCRT-E7,
80 kDa for hCRT-E6E7m and 25 kDa for SP-E6E7m-KDEL,
confirming the correct expression of the recombinant proteins
containing E6 and E7 from the different constructs.

Fusion to hCRT or the targeting/retention signal peptides
targets the E6-E7 antigens to the ER. To determine whether
the recombinant proteins are directed to the ER, HEK-293
cells were transfected with the DNA constructs and prepared
for immunofluorescence. Co-localization was detected
between the E7 signal (red) and the calnexin signal (green), a
well-characterized resident protein of the endoplasmic retic-
ulum (Fig. 3). This result demonstrated that antigens fused to
rCRT, hCRT or targeting/retention signal peptides are directed
to the ER.

Immunization with SP-E6E7m-KDEL induces IFN-y
production. To determine whether hCRT-E6E7m and
SP-E6E7m-KDEL induce an antigen-specific IFN-y-mediated
response, the mice were immunized with each DNA construct,
as previously described. After 1 week, the spleens were
harvested, and the splenocytes were isolated and subsequently
stimulated in vitro with the E7 or E6 epitopes for 48 h. The
supernatant was collected and then analyzed by ELISA.
The results show that splenocytes from the hCRT-E6E7m
group had high IFN-y production when stimulated with E7
(P=0.007); however, most importantly, splenocytes from the
SP-E6E7m-KDEL group that were stimulated with E6 or
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Figure 3. Subcellular localization of recombinant proteins. HEK-293 cells
were transfected with constructs expressing rCRT-E7, hCRT-E6E7m,
SP-E6E7m-KDEL or the empty vector. After 24 h, the cells were fixed
and incubated with specific primary antibodies and secondary antibodies
conjugated with fluorochromes. The samples were examined using a
confocal fluorescence microscope. Original magnification, x630. rCRT,
rabbit calreticulin; hCRT, human calreticulin, KDEL, lysine-aspartic
acid-glutamic acid-leucine peptide sequence; SP, signal peptide; DAPI,
4',6-diamidino-2-phenylindole.
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Figure 4. Enzyme linked immunosorbent assay detection of IFN-y produc-
tion by human papillomavirus E7/E6-specific splenocytes. Groups of three
mice (6-8 weeks old) were immunized in the abdominal area with 1 ug of
DNA on days 0 and 7 using a gene gun system. After 7 days, the spleno-
cytes were harvested and stimulated in vitro with E7 or E6 peptide for 48 h.
The culture supernatants were collected, and IFN-y expression levels were
determined. ‘P<0.05. rCRT, rabbit calreticulin; hCRT, human calreticulin,
KDEL, lysine-aspartic acid-glutamic acid-leucine peptide sequence; IFN-y,
interferon-v; SD, standard deviation.

E7 antigens had increased IFN-y production (P=0.021 and
P=0.017, respectively). This suggests that targeting these
antigens to the ER promotes an antigen-specific response
mediated by IFN-y (Fig. 4).

Treatment with SP-E6E7m-KDEL induces the reduction of
TC-1 tumor pulmonary nodules in C57BL/6 mice. A thera-
peutic antitumor effect was demonstrated in vivo. TC-1 tumor
cells were implanted in mice C57BL/6 through intravenous
(IV) injection. This IV implantation serves as a metastasis
model to disseminate the tumor cells through the organism,
although the implanted cells are predominately detected on
the lungs, forming multiple nodules on the epithelium. The
mice were subjected to the antitumor therapeutic assay as
described above, and were sacrificed at 25 days following
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Figure 5. Antitumor effects of therapeutic DNA vaccination. Groups of 5
mice were injected with 1x10* TC-1 cells in the tail vein. The mice were
immunized with 1 g of the corresponding DNA constructs using a gene
gun system on the third and tenth days following tumor implantation and
were subsequently sacrificed on day 25. The lungs were fixed with 4%
paraformaldehyde, and tumor foci present on the epithelium were counted.
The values and bars represent the means and standard deviations of tumor
foci, respectively. "P<0.05 (rCRT-E7, hCRT-E6E7m and SP-E6E7m-KDEL
vs. ‘empty’ control). rCRT, rabbit calreticulin; hCRT, human calreticulin,
KDEL, lysine-aspartic acid-glutamic acid-leucine peptide sequence; IFN-v,
interferon-vy; SD, standard deviation.
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Figure 6. Histological changes in the tumor foci following therapeutic
DNA vaccination. The lungs collected from the antitumor therapeutic assay
were embedded in paraffin and processed for H&E staining. These images
represent general structural changes observed in the organization of tumor
cells in the foci between each treatment. Magnification, x100. rCRT, rabbit
calreticulin; hCRT, human calreticulin, KDEL, lysine-aspartic acid-glutamic
acid-leucine peptide sequence; SP, signal peptide.

tumor implantation for the evaluation of therapeutic antitumor
effects by counting the number of tumor foci between treat-
ments (Fig. 5). Treatments with rCRT-E7, hCRT-E6E7m, and
SP-E6E7m-KDEL resulted in equivalent therapeutic anti-
tumor effects, as the number of nodules drastically decreased
compared with the control (P<0.05), without a significant
difference between each treatment (P>0.05). Histological
sections from the lungs with the highest number of tumor
nodules were stained with H&E to determine changes in
the morphology of these tumor nodules (Fig. 6). The present
study observed that the tumors from immunized mice showed
certain alterations in the integrity of the capsule, as certain
remnants of the extracellular matrix were detected in the
tissues, suggesting increased tumor regression (21).

Discussion

CRT is a chaperone protein typically present in the ER,
thereby possessing a signal peptide and the KDEL retention
sequence. As a chaperone protein, CRT plays multiple roles
associated with MHC-I molecule loading (22), calcium
homeostasis (23) and cell migration (24,25). Multiple studies
have reported that the fusion of antigens to CRT and other
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chaperones (26) increases antigen-specific immune responses
through cross-priming and inflammation (27-29). Although
immunization with full-length CRT alone shows an antitumor
effect, this protein is not as potent as the fusion of CRT with
antigens (29).

Clinical studies have reported alterations in CRT expression
in certain types of cancer, where overexpression has been asso-
ciated with increased invasiveness, metastasis and decreased
survival (30), likely reflecting the role of CRT in calcium
homeostasis. Calcium mediates cell migration, and upregulation
through transduction seriously affects cell invasiveness (31,32).

The present study aimed to identify alternatives to the use
of full-length calreticulin, in order to eliminate the overex-
pression of xenogeneic proteins to diminish any misbalance
in homeostasis while preserving the antitumor effect (14). In
the present study, we designed an improved simplified version
of a DNA construct by fusing the mutant E6 and E7 antigens
from HPV16 to the hCRT signal peptide and the KDEL reten-
tion sequence (SP-E6E7m-KDEL). The effects of fusion to
the full-length hCRT (hCRT-E6E7m) and fusion to rCRT-E7,
which was previously reported to promote antigen distribution
to the ER and to enhance the antitumor response specific to
this antigen (10), were compared.

In the present study, immunofluorescence analysis revealed
that fusing the E6-E7 antigens to the CRT signal peptide and
the KDEL retention sequence is sufficient to target these
antigens to the ER, and the intracellular distribution pattern
is similar to that obtained through fusion with the full-length
CRT. These results are consistent with previous studies
showing that the linkage of E6 and E7 to ER chaperoning
proteins causes the translocation of these proteins from the
nucleus to the ER (14,26,27,29), resulting in an almost null
signal in the nucleus.

After confirming the expression and functional targeting,
the present study evaluated the antitumor effects of the
constructs. Immunization by ballistic gene gun was used as
a user-friendly system with the capacity to stimulate skin
dendritic cells, one of the immune cell types that actively
participate upon the onset of a cellular immune response (33).

To simulate an advanced state of cancer to examine these
vaccines, the present study used an in vivo model consisting of
administration of TC-1 tumor cells through intravenous injec-
tion to simulate a metastasis model (34). The results indicate
that the simplified version of the E6-E7 antigens fused only
to the signal peptide and the KDEL retention sequence from
CRT significantly reduced metastases nodules compared with
the control, and this antitumor effect is comparable with that
obtained with the antigens fused to full-length CRT, with no
significant difference between these treatments. The present
study detected antigen-specific IFN-y production in the
supernatants of cultured splenocytes, obtaining high levels
of production in splenocytes from the SP-E6E7m-KDEL
group. These results indicate that the antitumor effect can be
achieved using only signal peptides to deliver and retain the
antigens.

Although metastatic nodule reduction was observed within
treatments, it will be necessary to perform an evaluation on
advanced stages of cancer. Other studies of HPV vaccines
have previously reported that vaccine therapies are not suffi-
cient and require the support of chemotherapy (35,36).
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In summary, the present study reports a strategy for
targeting antigens to the ER through fusion to the signal peptide
and KDEL sequence of CRT compared with full-length CRT.
The antitumor effects demonstrated using these constructs
were as effective as the reference constructs, providing an
alternative for vaccine design, as previously reported (14). The
goal is to decrease the overexpression of proteins that may
affect cellular homeostasis while also preserving the capacity
of the antigen to generate an antitumor response. To the best of
our knowledge, the current study is the first demonstration that
a DNA vaccine encoding the antigens E6 and E7 from HPV16
fused to a signal peptide and a KDEL sequence to induce a
potent therapeutic antitumor effect.
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