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Abstract

Background: Human papillomavirus (HPV) has been identified as the primary etiologic factor of cervical cancer,
the fourth leading cause of cancer death in females worldwide. We have previously shown that coadministration of
DNA encoding L1 capsid protein of Bovine papillomavirus (BPV) can enhance the antigen-specific immune response
elicited by a therapeutic HPV16-E7 DNA vaccination. In this study, we sought to generate and evaluate the immuno-
genicity of a therapeutic HPV16-E7 DNA vaccine that encodes the fusion construct of HPV16-E7 and BPV-L1.

Results: We generated a therapeutic HPV16-E7 DNA vaccine construct, pcDNA3-BPVL1-E7(49-57), encoding the
fusion sequence of full-length BPVL1 protein and a murine E7 antigenic epitope, aa49-57. Transfecting 293-DP cells
with pcDNA3-BPVL1-E7(49-57) demonstrated that this DNA construct can effectively lead to the presentation of E7
epitope for the activation of E7-specific CD8+ T cells in vitro. Intramuscular vaccination of pcDNA3-BPVL1-E7(49-57)
with electroporation generated a stronger E7-specific CD8+ T cell-mediated immune response than coadministra-
tion of pcDNA3-BPVLT and pcDNA3-E7(49-57) in C57BL/6 mice. Furthermore, we observed that the strong E7-specific
CD8+ T cell response elicited by pcDNA3-BPVL1-E7(49-57) vaccination translated into potent protective and thera-
peutic antitumor effects in C57BL/6 mice against HPV16-E7 expressing TC-1 tumor cells. Finally, using antibody deple-
tion experiment, we showed that the antitumor immune response generated by pcDNA3-BPVL1-E7(49-57) is CD8+T
cell dependent, and CD4+ T cell and NK cell independent.

Conclusion: Treatment with fusion construct of BPV-L1 and HPV16-E7 epitope can elicit effective E7-specific anti-
tumor immune response in mice. Due to the potential ability of the fusion DNA construct to also trigger immune
responses specific to the L1 protein, the current study serves to support future design of HPV DNA vaccines encoding
fusion HPVL1-E6/E7 constructs for the generation of both T cell and B cell mediated immune responses against HPV
infections and associated diseases.

Keywords: Human papillomavirus 16, E7 antigen, L1 capsid protein, DNA vaccine, Immunotherapy, CD8+ T cell

*Correspondence: wutc@jhmi.edu; chung2@jhmi.edu

5The Johns Hopkins University School of Medicine, CRB Il Room 309,
1550 Orleans Street, Baltimore, MD 21231, USA

’The Johns Hopkins University School of Medicine, CRB Il Room 307,
1550 Orleans Street, Baltimore, MD 21231, USA

Full list of author information is available at the end of the article

- © The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
() Biomed Centra| (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://orcid.org/0000-0001-9170-7797
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13578-017-0171-5&domain=pdf

Yang et al. Cell Biosci (2017) 7:46

Background

Cervical cancer is the fourth most common cause of
cancer death for females worldwide [1, 2]. It is well
established that infection with high-risk human papil-
lomavirus (HPV) types, such as HPV-16, is necessary
for the progression of cervical cancer [1, 3, 4]. Preven-
tative HPV vaccination can be implemented to inhibit
HPYV viral infection in patients through the generation of
neutralizing antibodies [5]. While prophylactic vaccina-
tions are very successful at preventing new HPV infec-
tion, they are unable to treat pre-existing HPV-associated
disease in patients whom are already infected. Result-
antly, many research efforts have been created to identify
methods capable of treating existing HPV-infection and
HPV-associated malignancies.

The HPV viral proteins E6 and E7 are the main con-
tributors to the transformation of HPV-infected cells.
E6/E7 were shown to enhance proliferation of infected
cells [4] and inhibit the function of tumor suppressor
genes p53 and pRb [6]. Since these foreign, viral proteins
are constantly expressed in infected cells [7], they serve
as tumor-specific antigens, allowing for the circumven-
tion of immune tolerance against self-antigens [1], thus
providing ideal targets for the development of immuno-
therapeutic strategies to treat HPV-infection and HPV-
associated cancers.

Unlike preventative vaccines, therapeutic HPV vac-
cines are designed to induce T cell-mediated immune
responses to target and destroy infected cells. Particu-
larly, therapeutic DNA vaccines have gained popularity
in recent years because they are safe, durable, and easy
to manufacture, offering a cost-efficient vaccine regimen
[1]. While there are many upsides to using DNA vac-
cines, they are not capable of amplifying to surrounding
cells in vivo, resulting in low immunogenicity. Several
strategies were employed to improve DNA vaccine effi-
cacy, such as fusing the DNA sequence of an antigen to
that of a MHC pathway homing molecule, or the use of
adjuvants (for review see [7]).

The papillomavirus (PV) major capsid protein has been
shown to spontaneously self-assemble into virus-like
particles (VLPs) upon administration and expression
[8, 9]. Additionally, VLPs are non-infectious, as they do
not contain any viral genetic material, but can be used to
induce neutralizing antibodies or enhance therapeutic
antitumor effects against viral proteins [8, 10]. Previously,
Bovine papillomavirus (BPV) L1 VLPs have been shown
to serve as a strong adjuvant, inducing both humoral
and cell-mediated immune response [8, 9, 11, 12] in
treated mice. Particularly, in one of our previous stud-
ies, we showed that coadministration of a DNA vaccine
encoding the fusion protein of calreticulin (CRT) and
HPV16-E7 with a DNA plasmid encoding BPVL1 protein
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generated a stronger E7-specific cytotoxic T lymphocyte
(CTL) response than CRT/E7 DNA vaccination alone,
suggesting the ability of BPVL1 to effectively stimulate
the immune system even when given as DNA instead of
VLPs [12].

Thus, in this study, we sought to evaluate the immu-
nogenicity of a therapeutic HPV DNA vaccine encod-
ing a fusion construct of BPVL1 protein and E7aa49-57
antigenic epitope in C57BL/6 mice. Furthermore, we
assessed efficacy of this fusion construct in generating
antigen-specific antitumor immune effects to protect
mice from HPV16-E7 expressing tumor challenge and to
treat preexisting TC-1 tumor in mice. Lastly, we deter-
mined the immune cell type that is responsible for the
observed antitumor responses in vaccinated, TC-1 tumor
challenged mice.

Methods

Mice

Six- to eight-week-old female C57BL/6 mice were pur-
chased from the National Cancer Institute (Frederick,
Maryland, USA) and kept in the oncology animal facil-
ity at Johns Hopkins Hospital (Baltimore, Maryland,
USA). All animal procedures were performed according
to approved protocols by the Johns Hopkins Institutional
Animal Care and Committee and in accordance with rec-
ommendations for the proper use and care of laboratory
animals.

Cell lines

The HPV16-E6/E7-expressing TC-1 tumor cell line has
been previously described [13]. TC-1 cells were cultured
in RPMI-1640 medium supplemented with 2 mM glu-
tamine, 1 mM sodium pyruvate, 100 U/mL penicillin,
100 pg/mL streptomycin, 5 x 107> M B-mercaptoethanol,
and 10% fetal bovine serum.

293-D cell line has been previously described [14].
293-DP cells were cultured in DMEM medium supple-
mented with 2 mM glutamine, 1 mM sodium pyruvate,
100 U/mL penicillin, 100 pg/mL streptomycin, and 10%
fetal bovine serum.

The murine E7aa49-57 peptide specific CD8+ T cell
line has been previously described [15]. The E7-specific
CD8+ T cell line were cultured at 37 °C with 5% CO, in
RPMI-1640 medium supplemented with 10% FBS, 2 mM
L-glutamine, 1 mM sodium pyruvate, 2 mM non-essen-
tial amino acids, 100 U/mL penicillin, 100 pg/mL strep-
tomycin, 55 uM 2-Mercaptoethanol, and 25 IU/mL IL-2.

DNA constructs

To clone pcDNA3-BPVL1, the DNA sequence of BPV1-
L1 protein [16] was PCR-amplified by template pshell-
BPV (gift from Dr. John Schiller, NIH) and primers
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(CAGATCTCGAGAATTCACGC and CGACTCTA-
GAGGCCTACTTCT) and clone into Xhol and Xbal
sites of pcDNA3.1 vector.

To clone pcDNA3-BPVL1-E7(49-57), BPVL1-E7(49-57)
was PCR amplified by template pshell-BPV and primers
(CAGATCTCGAGAATTCACGC and AAATCTAGATT
AAAAGGTTACAATATTGTAATGGGCTCTCTTCTT
CTTCTTCTTGGC, which contains the DNA sequence
encoding E7aa49-57 epitope) and clone into Xhol and
Xbal sites of pcDNA3.1 vector.

To clone pcDNA3-E7(49-57) (encoding HPV16-E7aa49-
57 epitope) minigene, oligos (AATTCATGAGAGCCC
ATTACAATATTGTAACCTTTTAAA and AGCTTTT
AAAAGGTTACAATATTGTAATGGGCTCTCATG)
were cloned into EcoRI and Hindlll sites of pcDNA3.1
vector.

In vitro T cell-activation assay

293-D" cells transfected with pcDNA3-E7(49-57),
pcDNA3-BPVL1-E7(49-57), or pcDNA3-BPV-L1 using
Lipofectamine 2000. 24 h after the plasmids transfec-
tion, the cells were co-incubated with HPV16 E7aa49-
57 peptide-specific CD8+ T cell line at an E:T ratio of 1
in the presence of GolgiPlug (1 puL/mL; BD Pharmingen,
San Diego, CA) for 20 h at 37 °C. 293-DP cells loaded
with HPV16 E7 aad9-57 peptide were used as posi-
tive control and 293-DP cells without treatment were
used as negative control. After incubation, the CD8+
T cells were collected, washed with FACS wash buffer
(PBS containing 0.5% BSA), stained with phycoerythrin-
conjugated monoclonal rat antimouse CD8 antibody
(BD Pharmingen, San Diego, CA). The cells were then
fixed using the Cytofix/Cytoperm kit (BD Pharmingen,
San Diego, CA), and intracellularly stained with FITC-
conjugated anti-mouse IFN-y antibody (BD Pharmin-
gen, San Diego, CA). After wash, the cells were acquired
with FACSCalibur flow cytometer and analyzed with
CELLQuest Pro software (BD Bioscience, Mountain
View, CA).

Electroporation-mediated DNA vaccination

For intramuscular (IM) vaccine injection with electropo-
ration, (1) 20 pg of empty pcDNA3 vector, (2) 10 pg of
pcDNA3-E7(49-57) + 10 pg of empty pcDNA3 vector, (3)
10 pg of pcDNA3-BPVL1 + 10 pg of pcDNA3-E7(49-57),
or (4) 10 pg of pcDNA3-BPVLI-E7(49-57) + 10 pg of
empty pcDNA3 vector were prepared and injected in the
tibialis muscle of the shaved hind leg of mice followed
by electroporation with an ECM830 Square Wave Elec-
troporation System (BTX Harvard Apparatus company,
Holliston, MA, USA). Booster vaccination(s) was admin-
istered using the same dose and regimen as the priming
vaccination.
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Intracellular cytokine staining with flow cytometric
analysis to detect IFN-y secretion by E7-specific CD8+ T
cells

Splenocytes from vaccinated groups were collected
and incubated for 20 h with 1 pg/mL of MHC class I
restricted E7 peptide (aa49-57, RAHYNIVTEF). 1 pL/mL
of GolgiPlug was added 6 h before the cells were har-
vested. Cells were then washed once in FACScan buffer
and stained with PE-conjugated monoclonal rat anti-
mouse CD8 antibody. The cells were then fixed using the
Cytofix/Cytoperm Kkit. Intracellular IFN-y was stained
with FITC-conjugated anti-mouse IFN-y antibody. After
wash, the cells were acquired with FACSCalibur flow
cytometer and analyzed with CELLQuest Pro software.

In vivo tumor protection experiments

C57BL/6 mice (5 per group) were vaccinated with (1)
20 pg of empty pcDNA3 vector, (2) 10 pg of pcDNA3-
E7(49-57) + 10 pg of empty pcDNA3 vector, (3) 10 pg of
pcDNA3-BPVL1 + 10 pg of pcDNA3-E7(49-57), or (4)
10 ug of pcDNA3-BPVL1-E7(49-57) + 10 pg of empty
pcDNA3 vector via IM injection with electroporation fol-
lowed by a booster vaccination 1 week later. One week
after the last vaccination, mice were challenged subcu-
taneously (SC) with 5 x 10* TC-1 cells/mice. TC-1 cells
challenged mice without treatment were used as control.
Survival of mice was followed for 100 days after tumor
challenge. Tumor growth was determined by direct pal-
pation once a week. When the tumor growth exceeds
1.5 cm in diameter, the mice were considered to have
died from tumor burden, and subsequently euthanized.

In vivo tumor treatment experiment

C57BL/6 mice (5 per group) were challenged SC with
5 x 10* TC-1 cells/mouse. Two days after tumor chal-
lenge, mice were primed IM with (1) 20 pg of empty
pcDNA3 vector, (2) 10 pg of pcDNA3-E7(49-57) + 10 pg
of empty pcDNA3 vector, (3) 10 pg of pcDNA3-
BPVL1 + 10 pg of pcDNA3-E7(49-57), or (4) 10 pg of
pcDNA3-BPVL1-E7(49-57) + 10 ug of empty pcDNA3
vector. Mice were boosted with the same dose and regi-
men 7 days later. Tumor growth was determined by
direct palpation once a week and the formation of detect-
able tumor was noted. When the tumor growth exceeds
1.5 cm in diameter, the mice were considered to have
died from tumor burden, and subsequently euthanized.

In vivo antibody depletion experiments

C57BL/6 mice (5 per group) were primed IM with 10 pg/
mouse of pcDNA3-BPVL1-E7(49-57) and boosted with
the same dose and regimen 7 days later. Mice underwent
antibody depletion of CD4, CD8 or natural killer cells via
injection of 100 pg purified rat anti-mouse monoclonal
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antibodies against CD4 (clone GK1.5), CD8a (clone 2.43),
or NK1.1 (clone PK136), 1 day after the last vaccina-
tion. The depletion efficacy of the antibody administra-
tions are >90% based on our previous studies [17-19].
The mice were injected again with the same amount of
antibodies every other day for an additional three times
for the first week and then once every week afterward.
All depletion antibodies were purchased from BioXCell
(West Lebanon, NH). Seven days after the last vaccina-
tion, mice were challenged SC with 5 x 10* TC-1 cells/
mouse. Tumor bearing, pcDNA3-BPVL1-E7 vaccinated
mice without antibody depletion and untreated tumor
bearing mice were used as controls. After tumor chal-
lenge, tumor growth was determined by direct palpation
once a week and the formation of detectable tumor was
noted. When the tumor growth exceeds 1.5 cm in diam-
eter, the mice were considered to have died from tumor
burden, and subsequently euthanized.

Statistical analysis

Data expressed as mean =+ standard deviation (SD) are
representative of a minimum of two separate experi-
ments. Comparisons between individual data points were
made by two-tailed student’s ¢ tests. Tumor free or sur-
vival distributions for mice in different groups were com-
pared through Kaplan—Meier curves and Log-rank tests.
A p < 0.05 was considered statistically significant.

Results

Presentation of HPV16 E7aa49-57 by 293-DP cells
transfected with pcDNA3-BPVL1-E7(49-57)

The pcDNA3-BPVL1-E7(49-57) fusion construct was
designed by fusing the HPV16 E7 CTL epitope (aa49-
57) to the C-terminus of the BPVL1 sequence (Fig. 1).
To evaluate the presentation of E7 epitope by this fusion
construct, we transfected 293-DP cells with pcDNA3-
E7(49-57), pcDNA3-BPVL1-E7(49-57) or pcDNA3-
BPVL1, and co-cultured transfected 293-DP cells with an
E7-specific CD8+ T cell line. Using E7aa49-57 peptide
pulsed 293-DP cells and 293-D cells without treatment
as controls, the presence of activated E7-specific CTLs
after co-culturing with the 293-D® cells were assessed
using surface CD8 and intracellular IFNy staining, fol-
lowed by flow cytometry analysis (Fig. 2a). As shown
in Fig. 2a, b, 293-D" cells pulsed with E7(aad9-57)
epitope generated the strongest E7-specific CD8+ T
cell response. Additionally, 293-DP cells that were trans-
fected with pcDNA3-BPVL1-E7(49-57) or pcDNA3-
E7(49-57) also showed a strong and weak E7-specific
CD8+ T cell response, respectively, while 293-D® cells
alone, or 293-DP cells transfected with pcDNA3-BPVL1
plasmid showed negligible E7-specific T cell responses
(Fig. 2b).

Page 4 of 10

HPV16-E7(aa49-57)

BPVL1 (aa1-495)

BPVL1 (aa1-495) HPV16-E7(aa49-57)

Fig. 1 DNA construct of pcDNA3-E7(49-57), pcDNA3-BPVL1, and
pcDNA3-BPVL1-E7(49-57). The DNA sequence of HPV16 E7 CTL
epitope (aa49-57) and the full-length sequence of BPV1 L1 protein
were individually cloned into the pcDNA3 plasmid vector to gener-
ate pcDNA3-E7(49-57) and pcDNA3-BPVL1, respectively. The DNA
sequence of HPV16-E7aa49-57 epitope was fused to DNA sequence
of the full-length BPV1 L1 protein at the C-terminus and cloned
into the pcDNA3 plasmid vector to generate the pcDNA3-BPVL1-
E7(49-57) fusion construct

pcDNA3-BPVL1-E7(49-57) vaccination induced potent
E7-specificimmune response in vivo

To evaluate the immunogenicity of the fusion pcDNA3-
BPVL1-E7(49-57) in vivo, mice were vaccinated IM in
the hind leg with either pcDNA3-BPVL1-E7(49-57),
pcDNA3-BPVL1 + pcDNA3-E7(49-57), pcDNA3-
E7(49-57), or empty pcDNA3 vector, followed by elec-
troporation. Mice then received the same regimen 1 week
later. Seven days after the last vaccination, splenocytes
were collected, stimulated with HPV16-E7aa49-57
peptide and stained for surface CD8 and intracellu-
lar IFN-y (Fig. 3a). The mice that received vaccination
with empty vector, pcDNA3-E7(49-57), or pcDNA3-
BPVL1 + pcDNA3-E7(49-57) followed by electropo-
ration had a weak E7-specific CD8+ T cell response;
however, mice that were vaccinated with pcDNA3-
BPVL1-E7(49-57) had a robust E7-specific CD8+ T cell
response (Fig. 3b, c). This demonstrates that vaccination
with the pcDNA3-BPVL1-E7 vaccine were able to elicit a
potent antigen-specific immune in treated mice.

Vaccination with pcDNA3-BPVL1-E7(49-57) generated
potent protective effect against TC-1 tumor challenge

in vivo

In order to test whether pcDNA3-BPVL1-E7(49-57) vac-
cine can generate protective antitumor effect against
tumor challenge in mice, mice were vaccinated with
the same regimen used in Fig. 3. Eight days after the
last vaccination, mice were challenged SC with TC-1
tumor cells, with unvaccinated, TC-1 tumor challenged
mice as control (Fig. 4a). After tumor challenge, tumor
growth and survival of mice were monitored. No observ-
able tumor formation was observed in mice immunized
with pcDNA3-BPVL1-E7(49-57) as compared to mice in
other treatment groups (Fig. 4b). Furthermore, all mice
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Fig. 2 Presentation of HPV16 E7 antigen by 293-DP cells transfected with various plasmid constructs. HPV16-E7aa49-57 peptide loaded or pcDNA3-
E7(49-57), pcDNA3-BPVL1-E7(49-57) or pcDNA3-BPVL1 transfected 293-DP cells were co-incubated with HPV16 E7aa49-47 peptide-specific CD8+
T cell line (E:T ratio at 1:1). Untreated 293-DP cells were used as negative control. After co-incubation, the E7-specific CD8+ T cells were stained for
surface CD8 and intracellular IFN-y and acquired with FACSCalibur flow cytometer. The data was analyzed using CellQuest software. a Representa-
tive flow cytometry analysis. b Bar graph summary of the flow analysis

immunized with pcDNA3-BPVL1-E7(49-57) survived
over 100-days after tumor challenge, while mice in other
treatment groups all died within 50 days after tumor
challenge (Fig. 4c). These data suggest that pcDNA3-
BPVL1-E7(49-57) vaccine is able to generate potent
immune responses that protect vaccinated mice from
TC-1 tumor challenge.

pcDNA3-BPVL1-E7(49-57) vaccination generated potent
therapeutic antitumor effects in TC-1 tumor challenged
mice

After demonstrating that pcDNA3-BPVL1-E7(49-57)
could protect mice from TC-1 tumor challenge when
administered prophylactically, we sought to determine
whether pcDNA3-BPVL1-E7(49-57) could be used
therapeutically to treat mice bearing TC-1 tumor. Mice
were challenged with TC-1 tumor cells via SC injection
on day 1. Mice then received IM injection of pcDNA3-
BPVL1-E7(49-57), pcDNA3-BPVL1 + pcDNA3-
E7(49-57), pcDNA3-E7(49-57), or empty vector on day
3, and were boosted with the same regimen 7 days later
(Fig. 5a). Formation of detectable tumor mass was then

monitored once a week for 100 days following last vacci-
nation. Eighty percent of the pcDNA3-BPVL1-E7(49-57)
vaccinated mice did not develop detectable tumor for at
least 100 days after tumor challenge, while all other mice
grew tumors by day 28 (Fig. 5b). Thus, we believe that the
pcDNA3-BPVL1-E7(49-57) vaccine has the potential to
be used therapeutically to control the growth of tumor.

Antigen-specific antitumor immune response elicited

by pcDNA3-BPVL1-E7(49-57) vaccine is CD8+ T cell
dependent

In order to determine the involvement of various immune
cell types in the antigen-specific antitumor immune
response elicited by pcDNA3-BPVL1-E7(49-57) vaccina-
tion, we performed in vivo immune cell depletion using
antibodies. Mice were primed with pcDNA3-BPVLI1-
E7(49-57) vaccine and boosted with the same regimen
7 days later. One day after last vaccination, mice began to
receive antibody depletion of CD4, CD8, or NK cells, for
a total of three times during the first week, then one time
per week with the same regimen for the next 11 weeks.
Seven days after the vaccination boost, on day 21, mice
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Fig. 3 Analysis of E7-antigen-specific immune response generated by pcDNA3-BPVL1-E7(49-57) vaccination. a Schema of experiment.

Briefly, 6-8 week old female C57BL/6 mice (5 per group) were vaccinated IM with (1) 20 pg of empty pcDNA3 vector, (2) 10 ug of pcDNA3-
E7(49-57) + 10 ug of empty pcDNA3 vector, (3) 10 pg of pcDNA3-BPVLT + 10 pg of pcDNA3-E7(49-57), or (4) 10 ug of pcDNA3-BPVL1-

E7(49-57) + 10 pg of empty pcDNA3 vector, followed by electroporation on day 1. Mice were boosted with the same regimen on day 7. b, ¢ Seven
days after the last vaccination, splenocytes from the mice were collected and stimulated with HPV16 E7aa49-57 peptide in the presence of Golgi-
Plug, stained for surface CD8 and intracellular IFN-y, and analyzed using flow cytometry. b Representative flow cytometry image for the amount of
IFNy 4+ CD8+T cells among splenocytes. € Bar graph summary of flow cytometry analysis

were challenged SC with TC-1 tumor cells. pcDNA3-
BPVL1-E7(49-57) vaccinated, tumor-challenged mice
without antibody depletion and untreated tumor-chal-
lenged mice were used as controls. As shown in Fig. 6,
100% of mice that did not receive antibody depletion
or mice that received CD4+ T cell or NK cell depletion
remained tumor-free for at least 11 weeks after tumor
challenge. Conversely, all mice that received CD8+ T
cell depletion grew detectable tumors by week 2, compa-
rable to that of untreated mice. These data indicate that
the antitumor immune response elicited by pcDNA3-
BPVL1-E7(49-57) vaccination is CD8+ T cell dependent.

Discussion

In this study, we found that our vaccine, pcDNA3-
BPVL1-E7(49-57), could elicit a stronger E7-specific
CD8+ T cell-mediated immune response than pcDNA3-
E7(49-57) alone or in combination with pcDNA3-BPVL1.
We also found that vaccination with pcDNA3-BPVLI1-
E7(49-57) could elicit potent protective and therapeutic
antitumor responses against HPV16-E7-expressing TC-1

tumor model in mice. Lastly, we show that the pcDNA3-
BPVL1-E7(49-57)-induced antitumor immune response
was CD8+ T cell dependent.

We have previously generated several DNA constructs
fusing HPV-E6/E7 antigens to molecules such as LAMP-1
[20], heat shock protein 70 [21], Flt3-ligand [22], trans-
location domain of Pseudomonas aeruginosa exotoxin
A [22], VP22 [23, 24], CRT [17, 25], and gamma-tubulin
[26], in order to enhance the immunogenicity of thera-
peutic HPV DNA vaccines. Most of these fusion DNA
vaccine constructs primarily enhance either CD8+ T
cell or CD4+ T cells against HPV-E6/E7 antigens. More
recently, we examined a strategy to enhance the immu-
nogenicity of a therapeutic HPV DNA vaccine encoding
the fusion construct CRT-E7 by coadministration with
DNA encoding the L1 or L2 protein of papillomavirus.
We demonstrated that not only did the coadministra-
tion of CRT/E7 DNA with L1 or L2 DNA enhance the
CD8+ T cell-mediated E7-specific antitumor response,
it also induced strong L1/L2-specific CD4+ T cell and
antibody responses [12]. In this study, we showed that
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PcDNA3-E7(49-57), or (4) 10 ug of pcDNA3-BPVL1-E7(49-57) 4+ 10 ug of empty pcDNA3 vector, followed by electroporation on day 1. Mice received
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Fig. 5 In vivo tumor treatment experiments. a Schema of experi-
ment. Briefly, 6-8 week old female C57BL/6 mice (5 per group) were
challenged SC with 5 x 10*TC-1 tumor cells on day 1. Three days
after tumor challenge, mice were primed IM with (1) 20 pg of empty
pcDNA3 vector, (2) 10 pg of pcDNA3-E7(49-57) + 10 pg of empty
pcDNA3 vector, (3) 10 pug of pcDNA3-BPVLT + 10 ug of pcDNA3-
E7(49-57), or (4) 10 pg of pcDNA3-BPVL1-E7(49-57) + 10 pg of empty
pcDNA3 vector, with electroporation. Mice were then boosted with
the same regimen 1 week later, on day 10. b The formation of detect-
able tumor in mice was monitored once a week via palpation for

100 days

the fusion BPVL1-E7(49-57) DNA construct could simi-
larly enhance E7-specific CD8+ T cell-mediated antitu-
mor immune responses in C57BL/6 mice. We expect the
BPVL1-E7(49-57) fusion DNA will also generate BPVL1-
specific T cell and B cell responses, leading to neutraliz-
ing antibody production. Future studies are warranted to
confirm the ability of papillomavirus L1-E7 fusion DNA
construct to serve as a potential hybrid therapeutic and
preventative vaccine.

There are several potential mechanisms that contrib-
ute to the enhance immunogenicity of pcDNA3-BPVL1-
E7(49-57) DNA vaccine observed in the current study. We
have previously observed that coadministration of DNA
encoding BPVL1 enhances the immunogenicity of CRT/
E7 DNA vaccine by increasing CD4+ T cell responses
that are known to assist in the generation of CD8+ T cell
response [12], which serve as the basis for the design of
a fusion BPVL1-E7 DNA vaccine. Additionally, multiple
studies have tested the conjugation of E7 to L1 VLPs as a
method to enhance the E7 immune response. It has been
shown that intact HPV-L1 VLPs can interact with DCs
to directly induce potent adaptive immune responses in
the absence of adjuvants [27], potentially through a TLR-
MyD88 pathway-dependent manner [28]. On the other
hand, it is also possible that the DNA sequence of BPVL1
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Fig. 6 In vivo antibody depletion experiments. Six to eight week
old female C57BL/6 mice (5 per group) were primed with 10 pg of
pcDNA3-BPVL1-E7(49-57) vaccine on day 1. Mice were boosted with
the same dose and regimen 7 days later. One day after last vaccina-
tion, mice were injected with anti-CD4, -CD8, or -NK1.1 antibody

to deplete the respective cell type. The mice were injected with

the same antibodies every other day, for a total three times during
the first week, then one time each week using the same regimen
for the next 11 weeks. One week after last vaccination, mice were
challenged SC with 5 x 10%TC-1 tumor cells. One group of treated
tumor-bearing mice without antibody depletion, and one group of
untreated tumor-bearing mice were used as controls. The formation
of detectable tumor in mice was monitored once a week via palpa-
tion for 100 days

encoded in the plasmid is recognized by DNA sequence
sensors such as STING or TLR-9 to exert adjuvant effects
(for review see [29]). However, the enhanced immuno-
genicity was not observed in the co-administration of
pcDNA3-E7(49-57) and pcDNA3-BPVL1 as compared
to single administration of pcDNA3-BPVL1-E7(49-57)
(Figs. 3, 4 and 5), suggesting that DNA sensing is not the
major contributor to the enhanced immunogenicity for
the fusion DNA construct observed in the current study.
Importantly, previous studies have demonstrated that
fusing the DNA sequence of BPVLI to that of E7aa49-57
can generate the in vitro formation of BPVL1-E7(49-57)
VLPs, which serve as a carrier to target the E7 antigen to
DCs and enhance both the MHC class I and class II path-
ways, resulting in potent E7-specific CTL response and
antibody response against BPVL1 [8, 9]. Similar results
were also observed when the BPV-L1 is conjugated to the
HIV-1 gp41 protein, resulting in the generation of potent
antibody response specific to gp41 [11, 30]. Thus, the
enhanced immunogenicity observed from the vaccination
with pcDNA3-BPVL1-E7(49-57) fusion construct may be
due to more than just the adjuvant effects observed from
our previous study [12]. Based on the in vitro antigen
presentation experiment, pcDNA3-BPVL1-E7(49-57)
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transfected 293-DP cells generated a stronger E7-specific
CD8+ T cell activation than pcDNA3-E7(49-57) trans-
fected 293-DP cells, suggesting that fusing E7(49-57) to
BPVL1 could enhance the processing and presentation of
the E7 peptide antigen as compared to E7(49-57) alone
(Fig. 2). Thus, the increased immunogenicity of pcDNA3-
BPVL1-E7(49-57) observed in mice may be caused by a
consortium of enhanced antigen processing and pres-
entation as well as the stimulation of innate immunity
rather than one single mechanism. Since it has been well-
established that the papillomavirus major capsid protein
L1 is able to self-assemble into VLPs when expressed
in both eukaryotic and prokaryotic systems [8, 9], it is
possible that vaccination with BPVL1-E7(49-57) DNA
can result in the in vivo assembly of BPVL1-E7 VLPs,
and target the antigens to DCs for the generation of the
observed, enhanced E7-specific CTL response.

Of note, while we hypothesize that the inclusion of
BPVL1 will lead to the generation of CD4+ T cells to
assist in elicitation of E7-specific CD8+ T cell response
based on our previous publication [12], we showed that
CD4 depletion following immunization did not abolish
the observed protective antitumor effects (Fig. 6). We
have previously demonstrated that depletion of CD4-+
T cells prior to the administration of therapeutic vac-
cine will significantly reduce the resultant CD8+ T cell
response elicited by vaccination [18]. However, in the
current study, CD4 depletion was not performed until
after the immunization had been completed. It has been
well demonstrated that CD8+ T cell response is the
main contributor for the control of TC-1 tumor model
[17]. Thus, once the E7-specific CD8+ T cell response
has been generated, the CD4+ T cells do not appear to
be necessary for the subsequent protection of tumor
formation.

The possibility that the BPVL1-E7 fusion DNA design
may elicit E7-specific CD8+ T cell response as well as
L1-specific T cell and B cell responses as a single DNA
construct holds significant translational values. While
the currently available HPV-L1 VLP-based prophylac-
tic vaccines, such as Cervarix, Gardasil, and Gardasil-9,
are highly effective, their use in many developing coun-
tries are impeded by the technically demanding process
and high costs associated with VLP vaccine production
and the difficulty of storing and maintaining the VLP
vaccines (for review see [31-33]). Kwak et al. has previ-
ously suggested the potential of HPVL1 DNA vaccines
to generate strong L1-specific antibody response compa-
rable to that generated by Gardasil in vivo [34]. As such,
DNA vaccines capable of generating effective neutraliz-
ing antibody against HPV, in addition to the generation
of HPV-specific T cell-mediated immunity, may signifi-
cantly increase the availability of HPV immunization.
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Since the DNA construct designed in the current study,
pcDNA3-BPVL1-E7(49-57), encodes the L1 protein of
BPV and the murine antigenic epitope of HPV16-E7, it
is likely to have minimal benefit as a clinical therapeutic
vaccine candidate, but merely serves as a proof of con-
cept for the generation of hybrid therapeutic and prophy-
lactic HPV vaccine. Future studies are warranted for the
generation and evaluation of a HPV DNA vaccine con-
struct encoding HPVL1 or L2 protein fused to the human
antigenic epitopes or full-length proteins of HPV-E6/E7,
for the generation of neutralizing antibodies against the
L1/L2 capsid proteins as well as the E6/E7-specific CTL
responses for the protection and treatment of HPV-asso-
ciated infections and diseases.

Conclusions

In summary, we demonstrated that treatment with fusion
construct of BPV-L1 and HPV16-E7 epitope can elicit
effective E7-specific antitumor immune response in
mice. Due to the potential ability of the fusion DNA con-
struct to also trigger immune responses specific to the L1
protein, the current study serves to support future design
of HPV DNA vaccines encoding fusion HPVL1-E6/E7
constructs for the generation of both T cell and B cell
mediated immune responses against HPV infections and
associated diseases.
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